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Over the current year studies of the 3.0 type composite have evolved a new

structure for a much more effective stress transforming composite. The device uses

cavities in the electrode structure which are simple, inexpensive and robust. The

sensitivity is higher than that of the end capped cylinder for equivalent PZT volume

and we believe this will be a most important development for towed array

hydrophones.

For agile transducer structures, the very high piezoelectric coefficients

induced by DC bias in the lead magnesium niobate:lead ti:aaa:e AIe,.trostrictors have

been confirmed using both resonance and ultra-dilatometcr zaethods. In parallel

studies of aging in these systems a rather complete understanding of the aging

process has been obtained and methods for fabricating PMN:PT systems wi:h no

aging developed, an essential need for the agile transducer.

The phenomenology of the PZT system has been completed and published and

the equations are now being applied to studies of the properties of PZT compositions

at the lead titanate end of the system. We expect that the phenomenology will be

particularly valuable for the future evaluation of thin film PZTs where the

breakdown field are such that EB.Ps is a large perturbation to the tctal energy.

In high strain actuators for surface modification and flow control

antiferroelectric:ferroelectric systems have been explored which yield strains up to

0.85%. Effort is now being dedicated to understanding and eliminating fatigue effects

in these charge switching systems.

In the associated program a detailed modeling of the 1:3 type PZT:polymer

composite has now been completed.
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Thermodynamic theory of PbZrO3
M. J. Haun,a) T. J. Harvin, M. T. Lanaganb) Z. Q. Zhuang,) S. J. Jang,
and L E. Cross
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802

(Received 9 September 1988; accepted for publication 7 December 1988)

A thermodynamic theory is presented to model the phase transitions and properties of lead
zirconate. The free energy AG is expressed as a power series in terms of the ferroelectric
polarization (P, = P,, + Pb, ) and antiferroelectric polarization (p, = P, - Pb, ) including all
possible terms up to the sixth power, but only first-order cross coupling terms and couplings to
elastic stress. Under the assumption that only the lowest-order coefficients of P, and p, are
linearly temperature dependent (Curie-Weiss behavior) and all other constants are
temperature independent, experimental data are used to define the constants and permit
calculation of ferroelectric and antiferroelectric free energies as a function of temperature. Use
of the function to define the averaged dielectric permittivity at room temperature in the
antiferroelectric phase gives a value of -R = 120 in good agreement with recent microwave
measurements. A simplified technique for modifying the function to explore solid solution with
lead titanate is examined, and shown to lead to excellent agreement with the known phase
diagram.

I. INTRODUCTION mined to calculate the energies and dielectric properties of
the phases.

Lead zirconate is an end member of the technologically !n this paper a more complete thermodynamic theory of
important lead zirconate-titanate (PZT) solid solution sys- lead zirconate will be developed using a three-dimensional
tem.' At room temperature, PbZrO3 has an antiferroelectric energy function. In the next section the energy function will
orthorhombic (Ao) perovskite structure with an antipo!ar be presented, along with the solutions and property relations
arrangement along the [ 1101 direction. The Ao phase re- that can be derived from this energy function. Values of the
mains stable up to =200 *C, where a transition occurs to a coefficients will be determined from expeiimental data in
ferroelectric rhombohedral (FR ) phase with a polarization Sec. III and used to calculate the theoretical properties in
along the [ I I I direc;ion.2 TheFR phase is only stable over a Sec. IV. The calculated dielectric properties will be com-
narrow temperature range and transforms to a paraclectric pared with experimental high-frequency data. In See. V a
cubic (Pc) phase as = 232 *C.3  procedure will be presented to calculate the energy of the

Lead zirconate has been recently studied as a possible antiferroelectric orthorhombic phase into the PZT system.
dielectric material for high-frequency applications.4 ' In this Finally a summary of this paper will be given in Sec. VI.
study a dielectric relaxation was found to occur at micro-
wave frequencies. To furthei the understanding of the di- .PHENOMENOLOG1CAL THERMODYNAMIC THEORY
electric properties of lead zirconate, a thermodynamic theo- The following energy function for lead zirconate was
ry has been developed to calculate the intrinsic dielectric derived from the two-sublattice theory that was previously
response. The development of a thermodynamic theory of developed to model antiferroelectric materials. 131- 6 The co-
lead zirconate was also needed to complete the theory that efficients were limited by the symmetry of the paraelectnc
was developed for the PZT solid-solution .ystem.'1 0  phase (m3m). By assuming isothermal conditions, using re-

Whatmore and Glazer' used a one-dimensional energy duced notation, and expanding the energy function in pov. -
function to model the Pb ion displacement in lead zirconate. ers of the ferroelectric (P,) and antiferroelectric (p,) polan-
Uchino et alP2 included stress terms in the energy function zations, and including couplings between these order
to determine the hydrostatic electrostrictive coefficient, parameters, and between the stress (X ,) and the order pa-
However, in these papers not enough coefficients were deter- rameters the following energy function resulted:

AG a (P+ P2 + P) +a,,(P4 +p4 + p) + a, (p~p2 + plpl + PP,) +a,,,(p6 + p6 + p)
4 2 3$ 2 1v 2 3 3 2 1

+t,[P4t(P2 -PZ) + P =(P,2 P)+P( +P ]+.:, ,,
a ,,: 2~ 3 2 + P') + -P'pf (P .,p ++')+ap.,1 PP

2 2 2 a P 1 P 2 + o1 I (p6 + P p
('12[Pt (P2 +P3) +P2(P1 +P2) +P 2Pj +pD) , 2PopP +/a (P'p' 4 P'pi +P'p)

"Now at E. 1. du Pont de Nemours & Co.. Electronics Dept.. Experimental Station. P 0 Box 80334. Wilmington. DE 19880-0334.
' Now at Argonne National Lab.. Materials and Components Technology Div.. Argonr.-. IL 60439.

"Visiting Scientist from the Department ofnorganic Materials Scence and Engineering. South China Institute of Technology. Guangzhou. The, People s
Republic of China.

3173 J. AppI. Phys. 65 (8). 15 Aprnil 1989 0021-8979/891083173-08502.40 1 l989 American institute of Physics 3173



-i1 P2 (P2 + p.1) + F 2(p.1 +p2 )+P(~ + ' P1 21 3 31 2 Y(PI 1P 2  + ~PAP3 p+ PPIPOp
11I2S, (X' -iX' + X ' - Sl 2 (X1 X2 +K 2X3 +X3,X1 ) - l/2Su (X2 +X- +XI)

Q1I(X1pl +X 2 +X3p2) -Ql 2 [X1 (p2 +pZD +X2(pl +p2) +X3(pZ +p )]

-Q44(X4'p2p3 + Xplp3 +±X6pip) -2,1 (XLp2 + X.p2 -X3p2) Z1 [X,(p2 +p2)
+X(p2 +p2) ±X3(p2 ip) Z(~~ 3+~~ 3 Xpp) 1

The coefficients of this energy function are defined in Table of each solution to the coefficient, of the energy functiun.
1. The energy function includes all possible ferroelcctric and Thus, by determining these COtficients, the energies of eath
antiferroelectric polarization terms up to the sixth-order and phase can be calculated.
the first-order coupling terms. The spontaneous elastic strains x, = =3 M /X,

The following solutions to the energy function [Eq. under zero stress conditions can be denived fromn Zq. k Il, as
I are of interest in the lead zirronate system: follows:

Paraelectric cubic (Pc): PC: X,=X 2 =X 3 =X 4 = ' 5 X6 =0 (i0)

P'=I.=P'3=0' Pl=P2=P3=0 ; (2) FRZ: XI 1 .= X3 =(Q 1 I+ 2Q 2 )P
Fqrroelectric rhombohedral (FR): P2

7-P='~0 PI =P2 =P3 0; (3) 4 5 6 Q4 4 3 l (11)
Antuferroelectric orthohombic (A0 ): A0  x1 X1 p , x= X3 (Z.-Z.),

x "4 = Z. 4p3 X5 = X6 0- (12)
PI =P2 P3= 0 PI= 0 P2 P3 --O(4) Relations for the relative dielectric stifi'nessesApplying these solutions to Eq. (1) under zero itress X',( = ( 2 aG 1,P,(dP) were derived from Eq. (1) for the

conditions results in the following relations for the energies solutions
of each solution:

PC- AG=O; (5) P-: Y'ii =~ X22 X3 = 3EOa,, Yi2 = Y23 =T3 = 0, (13)

FR: AG = 3aP2 + 3(a,, + a12)PI + (3a, it + 6az1 2, FR : Y II = (e22 = X3= 24FO[a, + (6a,, + 2a,2)Pj3

+a,.,,)p6; (6) I 1 + N1al _'a 1,2 a,,,)P J.
A0 : AG = 2a~o + (2o,, + al2 )P3 - 2 (a, 2 p~ IYi Ih +~3 al[a 2 P 12 34. 2 -- a 2 )

(7) (14)
A0 : r,= 2cola, + 2u,,p1 ],

The spontaneous ferroelectric and ant~ferroelectric po-
larizations (P, and p3) in the above equaticns can be found Y,2y 33 = 2eO(a 1 I ~ (All -'Pi_-/P; 1,
from the first partial derivative stab:lity conditions (d~oG / 1=Y3 = o, rZ = 64144 Pi (15)

(9Pand MGOO asshon beow.The multiplication by the permittivity of free space e, in
FR.,0 (3a,1 I I- 6a, , + a, 2, 3  these equations %as required to convert from absolute to

3P3 -elative dielectric stiffnesses. Equations ( 14) and ( 15) can
+ 2 (a +~ a,4P2 + 4 a,; (S) be used to calculate the relative dielectric stiffnesses for each

AG = +(71,)p4phase based on the original cubic axes.
A0 : - 0=3(o,,,,+ In the orthorhombic state the polarization can be along

d3pi any of the (110) diz'ections of the original cubic axes. The
+ (2o', + -4- 72).p3 4 -a,. (9) polarization of the rhombohedral state can be along any of

The polarizations can be calculated by sol~ing these the (Ill1) directions. By rctating these axes so that for both
quatdratic equations. E4uations (6 )-t 9 ) relate the energies states he new r, axis is along the polar directions, diagonai.

ized matrices will result. The new di~electric stiffness coeffi-
cients (indicated by a prime) can be related to the old coe.ffi-

TABLE!1. Coefficients of the energy function cients (defined by Eqs. (14) and (15)1 with the following
-. . - relations:

aa.a, F erroelectnc dielectric steff-heses. at constant stress
ax~w Antiferroelecanc diet-:ctne:stiffnesses at constant stress FR 'y ='- + 2r2

'' Coupling between the icrroelectnic a antiferroe~citnc A:Y r2=XII Y1,X33

polarizaiions Y 2 V6 =)' =0; (16)
1 Elastic compliances at constant polarization

Electrostnctive coupling between the ferroclectnic Act: rl=X 1i' X2 X3 X23

polarization and stress
Z' Electrostictive coupling between the antiferroelectric r3= X33 + X'231 X12 =.2 X31 = 0. (17)

polarization and stress
___________________________________________These equations ar. be u~sed to a..~ulate .he diele6.:ri

3174 J. Appi. Phys.. Vol. 65. No.8.,15 Apt'I 1989 Haun et a. 3174



stiffnesses of the orthorhombic and rhombohedrai phases - 3(Tc - 0) 3(Tc - 0)
arallel and perpendicular to the polar axes. e CP'c= 260CPc (24)

By assuming that the 4" and " coefficients are independent of
temperature and then substituting Eqs. (24) and (18) into

ill. EVALUATION OF THE COEFFICIENTS Eq. (20). the following relation results for the spontaneous

In this section, coefficients of the energy function will be polarization of the ferroelectric rhombohedral phase:

determined from experimental data. All of the coefficients P, = 4'PIJ,
were assumed to be independent of temperature, except for where
the ferroelectric (a) and antiferroelectric (oa) dielectric
stiffness coefficients which were given a linear temperature T = 2 1 (1  3(T ") (2]
dependence based on the Curie-Weiss law. " 1 4(TC - 0) (25)

a, = (T- )/(2e,)C), (18) Now if P3c, Tc, and 0 can be determined, the spontaneous

(19) polarization of the ferroelectric rhombohedral phase can be
calculated versus temperature. Note that P3 is the x, compo-

C is the Curie constant, Eo is the vermittivity of free space, 9 nent of the resultant spontaneous polarization (Ps) along
is the Curie-Weiss temperature, and C, and 04 are antifer- the [ 111 direction, and thus Ps = 3 P3.
roelectric constants analogous to C and 0 Using the value of 0 given above, with Tc equal to

By combining Eqs. (13) and (!8), Cand 0can be deter- 232 'C,3 a value of Pc was found from the best least-squares
mined from a linear fit of experimental dielectric stiffness fit of Eq. (25) to experimental spontaneous polarization
data in the paraelectmc cubic state (the Curie-Weiss law). data (from curve 2 in Fig. 3 of Ref. 17), as shown in the
The dielectric stiffness is the in-. erse of the dielectric suscep- insert of Fig. 1. The resulting Pc value is listed in Table II
tibility 77,, which will be assumed to be equal to the relative with the values of the other constants that were used in the
dielectric permittivity e, (actually e,, = 77,1 + 1). Values of calculations. These values were used to calculate the ferro-
Cand 0 for lean zirconate were previously found to be equal electric rhombohedral spontaneous polarization versus tem-
to 1.5 x I0W C and 190 'C by fiting the Curie-Weiss law to perature down to - 273 'C as shown in Fig. 1. However.
single-crystal dielectric data. -' These constants wil! be used over most of this temperature region the rhombohedral
to calculate the a, coefficient versus temperature. A differ- phase is metastable to the stable antiferroelectric ortho-
ent procedure was used to determine the antiferroelectric C ,  rhombic phase.
and 04 constants, as will be described later in this section. A similar relation to Eq. (25) can be derived for the

The ferroelectric rhombohedral spontaneous pJlariza- spontaneous strain x, by substituting Eq. (25) into Eq. ( I I):
tion (P,) can be related to the coefficients of the energy
function by solving the quadratic relation formed from the Xs = %Yx~ c ,

first partial derivative stability condition [ Eq. (8) 1: where

a,= G -;- ( - 9a, ]1(3'), (20) xC =Q4P -. (26)

where This equation was used with the values of the constants listed

= 3(a,, ,- a) in Table 1I to determine a value ofx,c (x, at Tc) that gave
the best least-squares fit of expsiimental x, data, as shown in

and the insert of Fig. 2. The experimental x, data was calculated

~= 3a:,1 + 6c,1 2 + a1 3 . (21) from rhombohedral range aq data from Ref. II using the3a,, + a,,,+ a2,. 21) relation: x, (90 - a.n )/90. A value of the electrostrictive
At T., the transition temperature between the ferro-

electric rhombohedral and paraelectric cubic phases, two re-
lations must be satisfied:

3a, + + (22) _

and

0= ac + 2/3'PRc + ;P'c, (23) 0

where a,c and P3. area, and P 3 at Tc. Equation (22) was ' Z
derived from the requirement that the AG 's of the cubic and u

rhombohedral phases [Eqs. (5) and (61 must be equal at 0.,
Tc. Equation (23) is the first partial derivative stability con- W
dition [ Eq. (8) 1, which must be satisfied so that the stable ,
state corresponds to the minima of the energy function. Z 0.30 0 300

When the transition at Tc is first order, the spontaneous TEMPERATURE 1*C

polarization in the ferroelectric state will develop discontin-
uously at the transition, and thus P3c will be nonzero. In this FIG Spontaneous polanzaton as re g unthn of iemperature caicuimeajrot the stable and metastable regions .jC the ferroelcc rhombohedral
case Eq. (18) can be sabstituted into Eqs. (22) ano (23) to form Inset Companson with measured polanzation over the stable range
obtain relations for the " and coefficients: ofthe phase.
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TABLE Ii. Values of the constants used in the calculations. cause it occurs in the ferroelectric rhombohedral stability
region. As in the rhombohedral case at T, two equations

Tc(C) 232.0 must be satisfied at T.:
o(c) 19o0o"

C(1O'C) 1.51 0 = 2a,+p 3+ yp3. (29)
P3c(C/m2) 0. 1428b

a(m'/C2 ) 0.059 = IN + 3pN + 3 / 2rp3. (30)
T (CC) 220.0' oYiN and p3,v are or, and p3 at Ty. Equation (29) was derived
T,(-C) 226.0 from the requirement that the ACrs of the two phases (Eqs.
6,C(C) 216.5 l
x, (0) 2.63 (5) and (7)] must be equal at T.. Equation (30) is the firstzxc,(m' 'C/c 2) 683.35 partial derivative stability condition [Eq. (9)1.
2(10"m/F) 6.0184 Substituting Eq. (19) into Eqs. (29) and (30), and solv-

ing for the 3 and y coefficients results in
From Refs. 2 and 3. - 2(T,, - .4  ) T - 0,.

bFromRef. 17. 15= = ------- (31)
'Average of the heating and cooling DTA data from Ref 2. OCAPV e o Cp 3,V

wherep 32V isp3 at Tv.

Q, constant was calculated from x4c and P3c using Eq. By assuming that the 3 and y coefficients are indepen-

(26) This value is listed in Table II. The ferroelectric rhom- dent of temperature, and then substituting Eqs. ( 19) ana

bohedral spontaneous strain x4 was calculated versus tem- (31) into Eq, (27) yields

perature into the antiferroelectric region as shown in Fig. 2
using Eq. (26) and the constants listed in Table II. P3 -PP3 ,

The constants determined above will be used to calcu- where
late the AG of the ferroelectric rhombohedral phase in the 2 / 3(T_-4) 1/21

next section. The procedure used to determine values of the V 2 I + (I _ T- 04 . (32)
antiferroelectric constants, which are needed to calculate the 3 "  4Tv " OA

AG of the antiferroelectric orthorhombic phase, will now be
presented. Unfortunately, there is not any experimental antiferroelec-

The antiferroelectric measure of the polarization p, for tric polarization pa data available, and thus ppe will not be
the orthorhombic solution can be related to the antiferro- determined in this paper.
electric o- coefficients by solving the quadratic relation However, antiferroelectric spontaneous strain data can

formed from the first partial derivative stability condition be calculated from cell constant data and used to determine

[Eq. (9) j: two of the antiferroeletric constants. 1, substituting Eq.
(32) into Eq. (12) the following relation results for the anti-

p= - 3 + (62 - 6 ', y)ti1]/( 3y), (27) ferroelectric spontaneous strain x4 :

where X4 = TX"',

= = 20", + o'12 where

and = , (33)

(28) x,, is x, at T. Values of Tv,9 4 , and x, are needed to

The N~el temperature (T,,) is the transition tempera- calculate x4 using Eqs. (32) and (33).
ture from an antiferroelectric phase to a paraelectric phase. Spontaneous strain x4 data were calculated from cell
In lead zirconate this is a metastable phase transition, be- constant data from Ref. I 1 [interaxial y, data from Fig. 5 in

Ref. 11 was related to x, with the relation:

X4 = (90 - y )/901. By fitting these data with all three con-
stants (T, . ,and xN) as unknowns many combinations of

o the values of these constants gave similar fits of the data. Forr this reason the value of one of these constants had to be
3 determined from additional data. Without additional data. it

Zo was necessary to make an assumption.
0002 -o•TC. must occur between the antiferroelectric-ferroelec-

, °tric transition temperature (TAP) and he ferroelectc-
paraelectric transition temperature (Tc). TF occurs at

go. 0, , , = 220 'C (average of the heating and cooling DTA data in
S0.000i Ref. 2), and Tc at z-232 *C. Thus since T, must occur be-

TEMPERATuRE V.1 tween 220 and 232 "C, it was assumed to be equal to 226 'C.
the average of the two extremes. This was a good assump-

FIG. 2.Spontaneouslatticestranx, asafunctonoftemperaturecalculated tion, because ,he constants were not significantly affected
for the stable and metastable regions of the ierroeiecric rtombotedrai

form Inset Comparison of calculated and measured strain over the taolc even if T, was varied a few degrees. With T, fixed at 22b C
region of the phase. values of 0, and x, were found that gave the best least-
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squares fit of the x, data as shown in Fig. 3. These values are cients has not been measured. One goal of this project was to
listed in Table 1I. compare calculations from this theory with polycrystalline

Substituting Eas. (19), (28), (31), (32), and (33) into high-frequency dielectric data. To accomplish this a proce-
Eq. (7) results in the following relation for the AG of the dure was used to combine the unknown constants in the
antiferroelectric orthorhombic phase: dielectric relations into one constant that could be deter-

AG = %Yx,/(eoZ.C, )mined from low-temperature polycrystalline dielectric data.
This procedure will be described below.

x [T- T4 -2P(Tv - T4 )(I - 1/2P)]. By combining Eqs. (15) and (17) dielectric stiffness
(34) relations based on the normal orthorhombic axes result

All of the constants needed to calculate the AGof the antifer-
roelectric orthorhombic phase using this equation have been X'1 = 2o(a + 2t1 13 )
determined, except for the Z,, and C4 constants. At this X" 2'o(a + (p +/i 124")P]
point there is not enough experimental data available to de- 322 =

termine values of both of these constants. However, the X33 " 2 O[,i + (PIl +/112 + l/23u )p ]. (36)
product of these constants can oe determined by equating These single-crystal coefficients were related to the poly-
the AGs of the A 0 and FR phases at the transition between crystalline dielectric stiffness X (a bold-faced symbol will be
these phases: used to refer to polycrystalline constants) using the follow-

At TF: AGF, = AG 4 . (35) ing parallel averaging relation:

The rhombohedral AG at T:F can be calculated from Eqs. X = l/3(Z-I I ,z + - .3). (37)
(6), (19), (21), (24), and (25) using the constants listed in
Table I. This value can then be used with Eqs. (34) and By substituting Eq. (36) into Eq. (37) thefollowingrelation
(35) and the constants from Table II to calculate a value of results:
the Z,, CA product. This value is listed in Table II. By as- X = 2eo[al + 2/3(yt + 2A1)P](
suming that Z, CA is independent of temperature, all of the
constants necessary to calculate the AG of the antiferroelec- Not enough experimental data were availabie to determine
tric orthorhombic phase versus temperature have been do- the constants necessary to calculate P3. However, the con-
termined. Calculations of the AG's of the ferroelectric and stants needed to calculate the antiferroelectic spontaneous
antiferroelectric phases will be presented in the next section. strain x, were determined. By substituting Eq. 12) into Eq.

All of the a coefficients must be determined to calculate (38) P3 can be replaced by x,
the dielectric stiffness X., coefficients of the ferroelectric
rhombohedral phase [see Eq. (14) 1. The constants deter- I/AzX = 2Eo(a, +. Ax 4 ),
mined earlier in this section can be used in Eq. (24) to where
calculate the 4.[ = 3(a,1 + a 2 )] and A = 2(A I+ 2A 12)/(3Z"). (39)
5( = 3a1 , + 6a ,2 + a 123 ) coefficients, which can be used
to calculate the spontaneous polarization, strain, and AGof Since a andx can bedeterined from Eqs. (18) and (33)
the FR phase. At this time there are not enough lead zircon- using tht constants listed in Table II, the new constant A can
ate data present to determine values of a,, a 2 , a, I, at1 2, be calculated from an experimental polycrystalline dielectmc
and a 23. However, these coefficients were determined in the
PZT system, and extrapolated to lead zirconate."' °  constant ( ) measurement ( t of t)

To calculate the dielectric stiffnessy, coefficients of the To provide experimental data for evaluedon of the con-
antiferroelectric orthorhombic phase, the i,, antiferroelec- stant A., the dielectric constant was measured at d kHz from
tric-ferroelectric coupling coefficients must be aetermined. conate. The procedure used to fabricate the lead zrconate
Unfortunately the data necessary to determine these coeffi- samples was described in Refs. 4 and 5. The low-temperature

measurement apparatus and technique that was used was
described in Ref. 18. At low temperatures ( - 268.8 *C) the

ooars 0 extnnsic contributions to the polycrystalline dielectric prop-
Z: X erties, such as domain wall motion or thermally activated

oo defect inotions, were assumed to "freeze out." The remain-
0 ing dielectric properties would then represent the intrinsic

contribution, or averaging of the single-domain properties.
ooA dielectric constant of 95 was measured at - 268.8 *C.

and used to calculate the value of the A constant listed in
A Table II. By assuming that this constant is independent of

IL temperature the intrinsic polycrystalline dielectric constant-00 0 300

TEMP-RAoVoE Vo)could be calculated versus temperature using Eq. (39) and
the constants listed in Table II. These calculations will be

FIG. 3. Antiferroelectmc onhorhombic strain x, as a runction of tempera- compared with experimental high-frequency dielectric mea-
ture: Comparison ofcalculated and measured values. surements in the next section.
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IV. THEORETICAL CALCULATIONS 400 4000

In this section theoretical calculations will be made us- 0 ,
ing the equations from Sec. II, and the constants that were ,, .so
determined in Sec. III. Figure 4 shows the energies AG of the o

antiferroelectric orthorhombic and ferroelectric high-tern- 2o zoo0
perature rhombohedral phases plotted versus temperature -0 • -,0

for lead zirconate. Above Tc (232 *C) the energy of the frr- "
roelectric rhombohedral phase is positive, and thus the cubic
state with the reference energy set to zero is stable. At Tc the :300 1 0 o
energy of the F, phase decreases to zero, and then becomes TEMPERATURE VC)

negative below Tc causing the rhombohedral phase to be- FIG. 5 Calculated delectc permittivity in the antiferroelectnc ortho-
come stable. At Ti, the energy of the antiferroelectric ortho- rhombic phase averaged for a polycrystallme sample. Inset: Companson
rhombic phase is zero, and a metastable transition occurs with low-frequency (I kHz) data.
from the cubic phase. As the temperature decreases, the larg-
er temperature dependence of the AG of the A0 phase corn- data are plotted versus the log of the fre,:-iency in Fig. 6. As
pared to the FR phase causes the energies of these phases to can be seen by these data a relaxation occurred at microwave
become equal at the transition TAF. Below TAF the A0 phase frequencies. Above this relaxation the dielectric constant
becomes stable, and remains stable down to - 273 *C. agrees remarkably well with the calculation from the theory

The polycrystalline dielectric constant (e) of the anti-ferreletricortorhmbicphae wa caculted romEq. presented in this paper. indicating that the extrinsic contrn-ferroelectric orthorhombic phase was calculated from Eq. butions to the dielectrc properties have "'relaxed out" above

(39) using the constants listed in Table II, and plotted in 10 the

Fig. 5 versus temperature up to TAF. The dielectric constant The data in Figs. 5 and 6 indicate that the extnsc con-

of the paraelectric cubic phase was also calculated using Eq. tibutins to the polycrystalline dielctric constant of lead

(13), and plotted in this figure above Tc. The ferroelectric zircont w fe outatlow temeturestand lead

rhombohedral dielectric properties were not investigated in out" at high frequenczes, and that the remaining ntinslc

this paper, but could be calculated from the values of the contributions can be thermodynamically modeled. The the-

coefficients that were recently determined in Refs. 6-10. orbpro s a method necng thelempetue
The xpeimetaldat, mesurd a I ~z rom ory provides a method of connecting the low-temperatureThe experimental data, measured at 1 kHz from data to the high-frequency data. It would now be useful to

- 268.8 'C to room temperature, are plotted in the insert in masure the high-frequency dielect proertiedw to

Fig. 5. The data point at - 268.8 *C was used to calculate low temperatures.

the2 constant, as described in Sec. III. By assuming that the The dielctrc constant at 10 GHz was measured as a

theory is predicting the intrinsic response of the material, the funTeion of temperature as shown i Fig. 7. The l-kHz data

difference that develops between the theoretical calculations from Fig. 5 are also plotted n this figure along with the

and experimental data as the temperature is increased is due theoretical calculations. Unfortunately at this time the 10-
to the thermally activated (extrinsic) contributions to the GHz data was only measured down to - 100 'C, and thus it
polycrystalline dielectric constant. At room temperature the is still not clear how the data would compare at lower tem-
theoretical dielectric constant has a value tf 120, compared peratures. There is a slight difference between the tempera-
to the experimental value of 167 This indicates that 72% of ture dependencies of the 10-GHz data and the theoretical
the experimentally measured polycrystalline dielectric con- calculations. This may indicate that at 10 GHz all of the
stant is due to the intrinsic averaging of the single-domain extrinsic contributions had not completely "relaxed out," or
constants, while 28% is from extrinsic contributions. that the actual temperature dependence was not completely

Lanagan et al. '5 measured the dielectric constant of
po!ycrystalline lead zirconate from 100 Hz to 26 GHz. Their

180, 1

0
z60-

A O THE0RY.

TEMPERATURE (C) LOG FREQUENCY IN)

FIG 4 Calculated tree energy AG for ferroelectic and antiferroelttic FIG. o Measured microwave relaxation in the dielectrnic permttiiy 0I
rorms Inset Expanded scale to permit identification of theAo to F. and F *eCd z r i.ate , Rei. 5, ..ompared to the ,.altuiated room-temperature *, ,,€

to paraclectric transitions. for the antiferroelectmc polycrystal.
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AG of the A0 phase for lead zirconate was calculated20OF from the equations and data presented in this paper, except
Z2, that the value of the Curie constant was changed. The com-

, opositional dependence of the Curie constant that was used in
the PZT theory' resulted in a value of 2.0 X 10' *C, instead of
the value of 1.5 X 10 'C that was used in the previous calcu-

lations in this paper. To be consistent with the PZT calcula-
otions the value of the Curie constant was changed, which

, 0, 0 .... also caused the value of the Q, CA constant to change to
rE SPERATURE0 889.27 m, *C/C2 , instead of the value listed in Table II.

Using the calculations described above in Eq. (41), the
FIG. 7. Comparison of calculated permittivity as a function of temperature constant was calculated versus composition, as plotted in
with measured values at low and at microwave frequencies. Fig. 8. By then assuming the = constant to be independent of

temperature, the AG of the antiferroelectric phase was calcu-

accounted for in the theory (most of the .oefficients of the lated versus composition into the PZT system, as shown in

energy function were assumed to be independent of tempera- Ref. 10. This method resulted in excellent agreement be-

ture) In addition there is some experimental error in the tween the experimental and theoretical phase diagrams. 0

measurements. The calibration for these measurements was
only made at room temperature, and thus an error of IV. SUMMARY

+ 10% has been estimated for the 10-GHz data. A two-sublattice theory was used to derive an energy
function to account for the ferroelectic and antiferroelectnc

V. EXTENSION OF THE THEORY INTO THE PZT behavior of lead zirconate. Solutions and property relations
SYSTEM were derived from this energy function corresponding to the

in this section a procedure will be presented that can be stable solid phases of lead zirconate. The coefficients neces-
used to calculate the compositional dependence of the AG of sary to calculate the ferroelectric rhombohedral AG, and
the antiferroelectric orthorhombic phase into the PZT sys- spontaneous polarization and strain; and antiferroelectric
tem. This procedure was needed to complete the develop- AG and spontaneous strain were determined from the avail-
ment of a thermodynamic theory to model all of the phase able experimental data in the literature.
transitions of the PZT system. " ' Additional data were needed to model the intrinsic

The AG of the antiferroelectric orthorhombic phase for polycrystalline dielectric properties of lead zirconate. To
lead ziconate was calculated in Sec. IV using Eq. (34). The provide these data the dielectric properties were measured
constants needed for these calculations were determined down to low temperatures ( - 268.8 'C), where extrinsic
from the available experimental data, as described in Sec. contributions to the properties "freeze out." These data were
III. Unfortunately, similar experimental data are not avail- then used to determine the value of a comb.nation of con-
able for PZT compositions in the antiferroelectric region, stants, which could be used to calculate the :ntnnsic poly-
and thus the compositional dependence of each of the con- crystalline dielectric constant versus temperature. The cal-
stants necessary to calculate the AG of the A0 phase could culations indicate that at room temperature 72% of the
not be determined. However, the following m!-thod was used experimentally measured polycrystalline dielectric constant
to calculate the AG of the A0 phase into the PZT system (measured at I kHz) is due to the intrinsic averaging of the
from the compositional dependence of a single constant, single-domain constants, while 28% is from extrinsic contr-
which was determined by equating the AG's of the A0 and butions. The calculations were found to be in good agree-
FR phases at the transition between these phases. ment with experimental data at high frequencies ( > 10

The AGof the antiferroelectric orthorhombic phase was GHz), indicating that the extrinsic contributions had "re-
determined from the following relation by multiplying the laxed out."
AG of lead zirconate (PZ) by a factor =:

AGo = -=AG4, p. (40) 1 .

The compositional dependence of -- was then determined by *.

combining this relation with Eq. (35). 0

z = AG, (at TAF )/AG 4opz). (41)

To calculate E using this equation, AG of the F. phase -
(high-temperature rhombohedral phase in PZT) at TAF was -
calculated from the PZT theory developed in Refs. 6-10. t
The antiferroelectric-ferroelectric transition temperature oot I I

acc 00Z 004 006
TF was determined by fitting the following polynomial "OLE FRACTION PbT,0 1 IN Pzr

equation to the experimental phase diagram:'

TAF = 220.84 - 706.15x - 26778.0x 2, (42) FIG 8 Values of-{ = "GF, (At TA )/AG,,,z l required to fit calcu-

lated and measured phase diagrams. i= is assumed to be independent of tem-
where x is the mole fraction PbTiO3 in PZT. perature.
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THERMODYNAMIC THEORY OF THE LEAD
ZIRCONATE-TITANATE SOLID SOLUTION SYSTEM,

PART I: PHENOMENOLOGY
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(Received September 16. 1988)

Compositions within the lead zirconate-titanare tPZT) solid solution system hae been extensiel. used
in polycrystalline ceramic form in a wide range of piezoelectric transducer applications. Howe~er. the
growth of good quahty PZT single crstals for compositions across the entire phase diagram has not
been accomplished. Due to the lack of single.crystal data. an understanding of the properties ot po-
lycrystalline PZT has been limited. If the single domain (intrinsic) properties of PZT could be deter-
mined. then the extrinsic contributions (e.g. domain wall and defect motions) to the polycrystalline
properties could be separated from the intrinsic contributions. The purpose of this research has been
to de,,elop a thermodynamic phenomenological theor) to model the phase transitions and single-domain
properties of the PZT system.

This paper is the first of a series of five papers describing the thermodynamic theor% ot PZT that
has been developed for the entire solid solution system. In this paper the pre'ious work that led to the
present theory will first be reviewed. toilowed by the presentation ot the energ,, tunction tor PZT and
the solutions and property relations that can be derived from this energy function

1. INTRODUCTION

The lead zirconate-titanate (PZT) phase diagrami is shown in Figure 1. A cubic
paraelectric phase (Pc) occurs at high temperatures and has the perovskite crystal
structure ABO 3. On the lead titanate (PbTiO 3) side of the phase diagram, a fer-
roelectric tetragonal phase (Fr) exists with a spontaneous polarization along the
pseudocubic [001] direction. A morphotropic boundary separates the tetragonal
phase from a ferroelectric high-temperature rhombohedral phase (FRHT,).

Another ferroelectric to ferroelectric phase transition occurs between the high-
temperature rhombohedral phase and a low-temperature rhombohedral phase
(FR,.T)). Both of these rhombohedral phases have a spontaneous polarization that
occurs along the [111] direction. The low-temperature rhombohedral phase has a
tilting or rotation of the oxygen octahedra about the [1I11 axis. which does not
occur in the high-temperature phase.

On the lead zirconate side of the phase diagram antiferroelectric tetragonal (A r)
and orthorhombic (Ao) phases are present. These antiferroelectric phases are com-
posed of two sublattices with equal and opposite polarization, resulting in zero net
polarization.

More recent data2 have shown that the AT phase does not occur in pure lead
zirconate, but will occur with small dopants or impurities such as strontium. These
data have also shown that the high-temperature rhombohedral phase extends over
to lead zirconate. The theory described in this paper will be developed to model
the phase diagram according to these recent data.
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FIGURE 1 The PbZrO3-PbTiO3 Phase Diagram.'

PZT compositions have important technological applications as piezoelectric
transducers. pyroelectric detectors. electro-optic devices, and explosively induced
charge storage devices. The main application of PZT has been as piezoelectric
transducers with compositions near the tetragonal-rhombohedral morphotropic
boundary. These applications include phonograph pickups, buzzers, relays, accel-
erometers, igniters, micropositioners, hydrophones, sonar, wave filters, earphones,
delay line welders, cutters, and high voltage sources. ' Recently piezoelectric motors
have even been made.' 4

Lead titanate has become important fcr possible application in hydrophones and
medical ultrasonic imaging, because of the large elcctromechanical anisotropy that
can be obtained in lead titanate polycrystalline ceramics.5 The theory developed
in this paper has been used to explain this large anisotropy. which occurs in lead
titanate in polycrystalline form, but not in single-crystal form.6

PZT compositions with the high to low temperature rhombohedral phase tran-
sition have been used as pyroelectric detectors.' When cooling through this tran-
sition, the polarization increases suddenly due to a contribution from the tilting of
the oxygen octahedra in the low-temperature phase. This results in a large pyro-
electric coefficient. The dielectric constant is relatively low. and only has a very
slight change when going through this transition. A large pyroelectric coefficient
p (= dPsidT) and small dielectric constant K result in a large pyroelectric figure
of merit (=p/K112 ).

PZT is also an important material for electrooptic applications, when doped with
lanthanum to form PLZT. Accordng to Haertling and Land,8 PLZT has advantages
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in electrooptic applications because of -"1) high transparency essentially independ-
ent of grain size, 2) ease of fabrication, and 3) electrically variable optical retar-
dation, inc!uding electroopcic memory and linear or quadratic modulation capa-
bilities."

Explosively induced charge storage devices have also been fabricated from PZT
compositions utilizing the ferroelectric to antiferroelectric transition. In these ap-
plications ) stress is applied to a poled ceramic sample with the ferroelectric struc-
ture, causing it to transform to the antiferroelectric state and to suddenly release
the stored charge.

The applications described above show that PZT is an important material. These
applications use PZT in polycrystalline ceramic form. The growth of good quality
PZT single crystals for compositions across the entire phase diagram has not been
accomplished. Due to the lack of single-crystal data. an understanding of the
properties of ceramic PZT has been limited. If the single-domain properties of
PZT could be determined, then these intrinsic contributions to the ceramic prop-
erties could be separated from the extrinsic contributions (e.g. domain wall and
defect motions). The purpose of this research has been to develop a thermodynamic
phenomenological theory to predict the phase transitions and single-domain prop-
erties of the PZT system. This theory could then be used to further the under-
standing of the properties of polycrystalline materials.

This paper is the first of a series of five papers covering the details of the
thermodynamic theory of PZT that has been developed for the entire solid solution
system. In this paper the previous work that led to the present theory will first be
reviewed, followed by the presentation of the energy function for PZT. and the
solutions and property relations that can be derived from this energy function. In
the next three papers6 - 1-2 the coefficients of the energy function will be determined
from experimental data. Finally in the last paper of the series 13 theoretical calcu-
lations of the PZT single-domain properties will be presented, along with a dis-
cussion of the applications of the theory.

TI. DEVELOPMENT OF A THERMODYNAMIC THEORY OF PZT

The Landau-Ginsburg-Devonshire type phenomenological theory was used to ex-
plain the transitions and properties at the tetragonal-rhombohedral morphotropic
phase boundary in the PZT system.' - 21 However, due to the lack of single-crystal
data the coefficients of the energy function could not be adequately determined.

Over the past several years at the Materials Research Laboratory of the Penn-
sylvania State University, the coefficients of an energy function for the PZT system
have been determined using indirect methods. The development of this theory
occurred in a series of steps, where different parts of the phase diagram were
modeled separately. This development will be described below.

Amin '2 developed a modified Devonshire form of the elastic Gibbs fiee energy
function for the simple proper ferroelectric phases of the PZT system. The spon-
taneous strain in the ferroelectric phases was determined using high-temperature
x-ray diffraction, and used to calculate the spontaneous polarization through the
electrostrictive constants. These data were used to determine the higher order
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dielectric stiffness coefficients (eQ and ct,). The morphotropic boundary between
the tetragonal and rhombohedral phases was then used to determine the remaining
higher-order dielectric stiffness coefficients (a,,. c112, and c,3). and allowed for
the first time the calculation of the dieiectric. piezoelectric. elastic, and thermal
properties of the ferroelectric single-domain states. This theory was developed for
the region of the PZT system from lead titanate over to the morphotropic boundary
between the tetragonal and rhombohedral phases, and could be extrapolated into
the high-temperature rhombohedral phase field.

In this initial theory the Curie constant was assumed to be independent of com-
position. Amin et al.23 later found from a combination of calorimetric and phe-
nomenological data that the Curie constant was dependent on composition with a
peak forming near the morphotropic boundary. The theory was then modified to
account for the compositional dependence of the Curie constant.,4 This resulted
in better agreement between the theoretical and experimental dielectric data near
the morphotropic boundary.

To account for the tilting of the oxygen octahedra in the low-temperature rhom-
bohedral phase Halemane et al.25 expanded the energy function in a one-dimen-
sional power series of the polarization (P) and tilt angle (6) assuming isothermal
and zero stress conditions. The possible phase transition sequences and solutions
to the energy function were then investigated. This theory was applied to the
Pb(Zro 0 Tio 1)03 composition. first by assuming 2nd order phase transitions. -  and
later by assuming 1st order transitions. 6-2r

The energy function was then expanded in a three-dimensional power series ot
P and 0 and used to describe all of the ferroelectric phases of the PZT sstem
assuming .st order phase transitions.s The coefficients of the energy function was
determined from the phase boundary and equilibrium conditions combined with
experimental data. resulting in smooth continuous functions across the phase dia-
gram. The experimental and theoretical phase diagrams were shown to agree very
well. Using this theory the spontaneous polarization and tilt angle were calculated
as a function of composition and temperature.

A tricritical point, where a phase transition changes from first to seond order,
was found to occur between the cubic and rhombohedral phases at the PZT 9416
composition (94% PZ and 6% PT).- 9-3 From lead zirconate to the tricritical point
the cubic-rhombohedral transition was shown to be first order, and then to change
to second order from the tricritical point over to at least the PZT 88/12 composi-
tion.30 Lead titanate has a first order transition from cubic to tetragonal, and thus
a second tricritical point should occur between the PZT 88, 12 and lead titanate
compositions, where the transition would change back to first order.

To provide additional data to determine the coefficients of the energy function
and to locate the second tricritical point, pure homogeneous sol-gel derived PZT
powders were prepared for several compositions in the rhombohedral phase field "-
The lattice parameters of these compositions were determined from high-temper-
ature x-ray diffraction, and used to calculate the spontaneous strain.: By using
these data to determine the higher-order dielectric stiffness coefficients of the
energy function, the second order transition region was found to extend over to
near or possibly at the morphotropic boundary.' Additional details of the tricritical
behavior in PZT will be described in the second paper in this series."'



THERMODYNAMIC THEORY OF PZT-PART I PHENOMENOLOGY

Using the x-ray data described above a phenomenological theory was de, eloped
to account for the 2nd order transition region of the PZT system." In this theor
additional terms were added to the energy function to account for the rotobtrictie
coupling between the stress and the square of the tilt angle (analogous to the
electrostrictive coupling). A rotostrictive constant was determined from experi-
mental spontaneous strain. polarization, and tilt angle data using a relation derived
from the energy function for the low-temperature rhombohedral phase. The ro-
tostrictive contribution to the spontaneous strain was found to be opposite in sign
to the electrostrictive contribution.

A more complete phenomenological theory of lead titanate was recent[% deel-
oped independently of the PZT theory using the available single crystal data.,
The theoretically predicted spontaneous polarization and strains, and dielectric and
piezoelectric properties are in good agreement with the experimental data. The
results of this theory were used to show that the large electromechanical anisotrop
found in lead titanate ceramics, but not present in the single cr'stal properties. is
simply due to the intrinsic averaging of the electrostrictive constants. 6 "6

A phenomenological theory for lead zirconate was also developed independently
of the PZT theory using the available single-crystal data." This theory was used
to calculate the phase stability, antiferroelectric spontaneous strain, and ferro-
electric polarization and strain. The polycrystalline ceramic dielectric constant was
calculated from the single-crystal constants in this theory. and found to be in good
agreement with dielectric data at miciowave frequencies. This lead zirconate theorv
was also extended into the PZT system to account for the antiferroelectric region
of the phase diagram.

As described above phenomenological theory has been developed for ditferent
sections of the PZT phase diagram. The purpose of this series of papers is to present
the recent work that has been completed to combine these separate theories into
a complete theory of PZT. where a single energy function and set of coetficients
can be used to calculate the phase stability and properties of the entire PZT s'ystem.
In the next section this energy function will be presented.

III. FREE ENERGY FUNCTION FOR PZT

In developing a phenomenological theory for the PZT system the order parameters
that cause the phase transitions must be accounted for. The tetragonal and high-
tcmperature rhombohedral phases undergo pioper ferroelectric transitions from
the paraelectric cubic state. where the spontaneous polarization is the order pa-
rameter causing the phase transition. An improper ferroelectric phase transition
occurs between the high and low temperature rhombohedral phases. %here the
spontaneous tilting of the oxygen octahedra causes the phase transition and con-
tributes to the spontaneous polarization. An antiferroelectric t,,pe polarization
develops when a transition takes place from the ferroelectric to antiferroelectric
phases. and is therefore the order parameter for the antiferroelectric state.

Thus to account for all of the phase transitions in the PZT system the energy
function should include the ferroelectric and antiferroelectric measures of the po-
larization, and the tilting of the oxygen octahedra as order parameters. A two-
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sublattice mode 38 was used to derive the ferroelectric and antiferroelectric meas-
ures of the polarization. To account for the tilting of the oxygen octahedra an
additional term was added to the elastic Gibbs free energy as described !n Ref
erences 25-28.

The following energy function for the PZT system was then derived from the
symmetry of the paraelectric phase (m3m) assuming isothermal conditions, using
reduced notation, and expanding the energy function in powers of the ferroelectric
(P,) and antiferroelectric (p,) polarizations, oxygen octahedral tilt angle (6,). and
including couplings between these order parameters, and between the stress (X,,)
and the order parameters:

AG = c[PI + PI + P?] + a,, [ + ,- - P1
+ pp p- PI - Ppf]~ adP7 -

+ c2 [P F(P" -- P2) -- P (P2-Pi)- P(P- P)

p ,.3- ?-. -3 y, [p2 -p_2 p ] -,- 1 [p -' p4_ -I- p ]

+ i,,[pLp'. + pIp2 + p'p2] + [p6 -,- -- pl

+ 12 ' P(lP'+ p2) p,(p2 "" p2) - P(P- P)]

2 2 r"2 - 2 Z 2 :
* 1 2 3 PIPP p.' 1 (r1 I' -1P2 P

+ [P2(P. + P2 ) + P4(P -P ) P- P (Pj - P2)]

--pPPPtp - P.P~pp, - P1Ppp] + [of - oP - O]

- 3O [0 - 60 1011 (- -,[P
292 - P4 - P 04 (1)

- _[P2(O -,) + -,(oj - o02 - P2(o - o)]

+ PPO("IP-1010-- P,.P3O-.O3 + P 3PI8 3O1J
-+ S11 [X2 + + ,X2 - S1,2[x 1X. + + x 3X,

-S14 [x2" + X25 - , 1 - Q,, [XP - XP - x..Pq

- Q1.[XP (p pl) + X,(Pf + p2) + X 3(p2 .- P2)]

- Q4[X4 PP 3 .- X.,PP -- X,PP] - ZI I[.,p -,- !P:. 31

- z,2 [X(p-. - p2) + X(p2 ,- p-) - Vp+ p2)]

- z.1 4[X 4PP. + X- P3 - x4pL1pl - R11 [X,02 - Xo -- Xo]
- R12 [X,(02 @- 62) 0 - o') - x.0 - 0')1

- R.uj[,X4 0:0 3 + X.;6,93 X560,]

The coefficients of this energy function are defined in Table I. The energy function
includes all possible ferroelectric and antiferroelectric polarization terms up to the
sixth ordei. tilt angle terms up to the first fourth order term. and only th. first
order coupling terms.
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TABLE I
Coelficients of the PZT Energy Function

, a ,. ., t erroelectric dielectric stitfness at constant stress
a '. 4,,. o,,, antiferroelectric dielectric stitfness at constant stress
.l, coupling between the ferroelectric and antiferroelectric polarizations
13. 13, octahedral torsion coefficients

coupling between the ferroelectric polarization and tilt angle
S,, elastic compliances at constant polarization
Q, electrostnctive coupling between the ferroelectric polarization and stress
Z,, electrostrictive coupling between the antiferroelectric polarization and stress
R,, rotostrictive coupling between the tilt angle and stress

IV. SOLUTIONS TO THE ENERGY FUNCTION

Considering zero stress conditions the following solutions to the energy function

(Equation 1) are of interest in the PZT system:

Paraelectric Cubic (PC)
P 1 

= P, = P3 = 0, Pt= P:=P =0 0t= -,=O 0=0 (2)

Ferroelectric Tetragonal (Fr)

P, = P. = O. p2 0, p = p: = P1 = 0. 0 =O== (3)

Ferroelectric Orthorhombic (Fo)

P = 0, P - Pi = P2 = P3 = 0. 01= ,=O,= 0 (4)

Ferroelectric High-temperature Rhombohedral (FR(HT,)

P = P p=P . P2 = P3 = 0, 6==0 = 0 (5)

Ferroelectric Low-temperature Rhombohedral (FRD)

= 2 0 pt =P2 3 0.p = 0 = 62 = 6 = 0 (6)

A ntiferroelectric Orthorhombic (A 0)

Pt = P, = P3 = 0, ,i p= 0= p 3 0- 01 = 62 = 03 = 0 (7)

All of these solutions, except for the ferroelectric orthohombic solution, are stable
in the PZT system. The ferroelectric orthorhombic solution was also included here.
because the coefficients necessary to calculate the energy of this phase can be
determined. An independent check of the calculated coefficients can then be made
by confirming that this phase is metastable across the PZT system.

Applying these solutions to Equation (1) under zero stress conditions results in
the following relations for the energies of each solution:

Pc AG = 0 (8)

Fr AG = ,tPz + t- + OCa1tP0 (9)

F0 AG = 2a + (2c + at2)F: + 2(rtt11 , atj)P3 (10)
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FRaHI -\G = 3aP- 3(otl + c,2)P - (3 c,, - 6) t P' (H1)

FRItr, AG = 3trIP "- 3(attt + cz)P - (3al-6 - a:.1P'

30 - 3P6 - 3( - y2 4 )P07o (12)
A0  -AG = 2cj + (2o',t + ot,2)p4 - 2(,1 + o')p (3)

The spontaneous ferroelectric and antiferroelectric polarizations (P3 and p.,) and
tilt angle (03) in the above equations can be found from the first partial derivative
stability conditions (OGlaP3. aAGIap 3. and aAG/a0 3) as shown below:

FT aAGi6P3 = 0 = "- -a11P. - c (14)

Fo  AGtOP 3 = 0 = 3(xa1 - cx, 12)P. - (2x,, - tj) - o, (15)

FR(HT) aAGiaP3 = 0 = (3aeti - 6 acti - atI3)P4

-(atl - ta12)P3 - a1 (6)

FR(LT) aAGIaP3 = 0 = (3a 111 - 6ca, a- 23),03

2(ct + aj)Pj - a1 "" y1103 (17)

aAG/06. = 0 = -- 2+ -O -318)

A0  e3AGrap3  = 0 = 3(o't, - o't1)p. "- (2ol - o )p3 - or (19)

The polarizations and tilt angle can be calculated by solving these quadratic equa-
tions. Equations (9)-(19) relate the energies of each solution to the coefficients
of the energy function. Thus by determining these coerficients. the energies ot each
phase can be calculated.

V. SPONTANEOUS ELASTIC STRAINS

The spontaneous elastic strains x, ( AG/KX,) under zero stress conditions c:'n
be derived from Equation (t) as foliuws.

PC X, = x , = . r. = = X( = 0 (20)

Fr= = r3 = Q11Pj, r. = =X 0 -21)
Fo = -Q12P2, .,C = . = (Q11  Q1t)P2,

X4 = Q'P2, x x, = 0 (22)

FRIHT) X, = = -C3 = (Q1 - 2Q,)P2 .4 = r= , Q .P, (23)

FRILt, x x, x3 = (Q,, 2Qt 2)P " (RI, 2Rt 2)6z.

-r4 = -'= r6 = Q.$ P-- R., Oj (24)

A 0  Xt = 2Zl:p2, X1 = X 3 = (Z11  Zz12)p ,

-r4 = Z 4.pj, X5 = X, = 0 (25)
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In the next three papers of this series"' - ,2 these spontaneous strain relations vull
be shown to be -very important in determining the coefficients of the energ, Fu:,c-
non. Spontaneous strain data will be determined from x-ray diffraction ot PZT
powders. and used with the electrostrictive constants to calculate the spontaneous
polarization, which is needed to determine coefficients of the energy function.

VI. DIELECTRIC PROPERTIES

Relations for the relative dielectric stiffnesses x,( %G!OPaP,) were derived
from Equation (1) for the six solutions:

Pc X 2= 3. = =3-:3 = X.i = 0 (26)

FT Xi = X._ = 2E,)4c, - (,_2P2 - c,, .Pfl

= 2zo [a, + 6cc, P.+ 15aci 1 pfl. = X.3 = 3 1) (27)

F0  X, 2so[ctj - 2ct 2 P + ( 2 , 1 , + a,:)Pl,

X2 X 3 = 26o[k, + (6aot - ot2P . -I- (15xil1 -- 7ctu 2)P,1.

X 3: = X31 = 0. X23 = 4eta1 2 P 4atjiP l (28)

FRIHTr Xii = X_2 = Xs.- = 2Eo[ai - (6axi -%, 2ctP.

+ (15(x I -I - t4c 1, -- c t23)P a ,

Xi:. = X:3 = XJM 4E, [1a 2P3 - (4ac1 2 - cx1:3)P:fl (29)

FR,L Tr X, = X22 = X33 2,[al - (6car 2q-)P2

+ (5cxt 1 - - _yY)0i.,

Xtz = X23 = X31 4o [aPtzP2 + (4att12 
+ a,23)P/3 -- yO] (30)

A0  XII = 2 oa + 4. 1 ..Pf]. X.: X33 = 2Eo[ot -- (p-,t + p-,_,)p.

Xi2 = X31 = 0. X23 = EI.;P (31)

The multiplication by permittvity of free space , in these equations was required
to convert from absolute to relative dielectric stiffnesses. Equations (26)-(31) can
be used to calculate the relative dielectric stiffnesses for each phase based on the
original cubic axes.

In the orthorhombic state the polarization can be along any of the (110) direcuons
ot the original cubic axes. The polarization of the rhombohedral state can be along
any of the (,11) directions. By rotating these axes so that for both states the new
x, axis is along the polar directions. diagonalized matrices will result. The new
dielectric stiffness coefficients (indicated by a prime) can be related to the old
coefficients [defined by equations (28)-(31)] with the following relations:

F0 atd A( Xi = Xi. X,: = X3 - Y3 (32)

X13 = X33 + X23- Xi! X", = X3) = 0
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FRIHT) and FRLr, X = = - = XII -

X12 = (3 = 0 _ 133)

These equations can be used to calculate the dielectric stiffnesses of the ortho-
rhombic and rhombohedral phases parallel and perpendicular to the polar axes.

The dielectric susceptibility coefficients (r,,) can be determined from the recip-
rocal of the dielectric stiffness matrices (x1,) using the following relation:'0

ril = A,,A. (34)

where A, and -. are the cofactor and determinant of the X,, matrix. Using this
relation results in the following relations for the dielectric susceptibility coefficients

Pc T11 = Th2 = T13 = 1 XI, 712 = 123 l 35)

F- Till = 122 = l/x11, 133 = 1'X33 (36)

F0 andA 0  T1 = 
1 i I- 122 = 133 = X33/(X33 - XZ3)"

112 = T131 = 0, 123 = -X23.(3 - X:23) (37)

I = 1t/il. "1122 = 1 N22' T33 = 1'X33

i2 = 1'3 = 111 = 0 (38)

FR(HT andFR(LT) "hl = '922 = 133 = (Xil - Xi2)'()i -
3 XIlXi2 + 2)

112 = 7123 131 = (Xi2 XiXI2)1(xl I. - 2 X)

Tlii = l 22 = - . 133 = ,39)

112 = 1;3 = 13l = 0 (40)

These equations can be used to calculate the dielectric susceptibilities of each phase
from the coefficients of the energy function.

VII. PIEZOELECTRIC PROPERTIES

Relations for the piezoelectric b,, coefficients (aAGiaPaAV) were derived from
Equation (1) for the tetragonal and rhombonedral states as shown below:

Fr b33 = 2Q11P3, b31 = b 32 = 2Qt2P 3,

b15 = b, = Q..P 3, bl, = b12 = b13 = bl.; = b 16 = 0.

b21 = b:2 s ==b,= b6 = b3, = b 5 
= b 6 = 0 (41)

FR(HT) and FRILT) bl, = b, = b33 = 2Q11P3, b,4 = b= = 0

b 12 = b13 = b21 = b23 = b3l = b32 = 2Q12P ,

b15 = bt6 = b'.4 = b26 = b34 = b 35 = QP 3, (42)
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Since a coupling term of type 4,P,O, was not included in Equation (1). the b,
relations [Equation (42)] for the high and low temperature rhombohedral phases
are of the same form. However. the spontaneous polarizations P. are defined by
different relations for the high and low temperature rhombohedral phases. and
thus different values would result for these coefficients.

The piezoelectric d,, coefficients are defined by Reference 40:

d, = bkjrl,k (43)

Using this relation for the tetragonal and rhombohedral states results in the fol-
lowing relations:

FT d33 = 2EOr 33QIP 3, dI1 = d32 =-2o133Q1ZP3,

d= d, = E0)T1I-Q.:P 3, d 1  = = = d, = 0,

dil =d2 = d23 = d- :=-- d).2-- d34 = d,.; = d16 = 0 (44)

FR(HT)andFR(LT) d 1 =d, = d33 = 2 0('q11 Q + 2*q2Q 12)P3,

d= d13 = di = d13 = d.l = d32

= 2E,)['IlQIQ 2 "" nT:(Qu1 - Q12)JP,.

dl, , = 436= n''1Q1:3

dIs= d16 = d_' = d'6 = d14= d35 = 8o('q + 'rl)Q44P;, (45)

The multiplication by the permittivity of free space 80 in these three equations was
required to convert the dielectric susceptibilities from relative to absolute. Equa-
tions (41), (42). (44). and (45) can be used to calculate the piezoelectric b, and d,
coefficients of the tetragonal and rhombohedral phases from the coetficients of the
energy function.

VII. SUMMARY

The applications of compositions of the PZT solid solution system as piezoelectric
transducers, pyroelectric detectors. electro-optic devices, and explosively induced
charge storage devices were described in the introduction to demonstrate the tech-
nological importance of PZT. These applications use PZT in polycrystalline ceramic
form, and thus the properties of these ceramics are well established in the literature.
However, the mechanisms contributing to these outstanding polycrystalline prop-
erties of PZT are not well understood. because of the complexity of the interactions
within the polycrystalline material.

A first step in the analysis of a ferroelectric polycrystalline material is to separate
the intrinsic and extrinsic contributions to the properties. The intrinsic contributions
result from the averaging of the single-domain single-crystal properties, w,,hile the
extrinsic contributions arise from the interactions at grain or phase boundaries and
from the domain wall or thermal defect motions. Unfortunately. due to the difficulty
of growing good quality single crystals of PZT. very little single crystal data is



24 'A. HAUN et al.

available. Thus the goal of this project was to develop a thermodynamic phenom-
enological theory to calculate the single-domain properties of PZT This theor%
could then be used to separate the intrinsic and extrinsic contributions to the
polycrystalline properties. In addition there are several other applications of this

theory, which will be in the last paper of this series. t 3

A two-sublattice theory, where each sublattice has a separate polarization, was
used to account for the ferroelectric and antiferroelectric phases of the PZT system.
An additional order parameter was also included to account for the tilting of the
oxygen octahedra in the low-temperature rhombohedral phase. The resulting en-
ergy function can be used to model the phase transitions and single-domain prop-
erties of the PZT system. Solutions to this energy function were used to derie
relations for the energies: spontaneous polarizations, strains, and tilt angles. and
dielectric and piezoelectric properties corresponding to the different phases n the
PZT system.

The coefficients needed to calculate the energies and properties of the solutions
will be determined in the n6xt three papers in this series." -1_ Theoretical calcu-

lations and comparisons with experimental data will then be presented in the final
paper of this series.3 Additional details of this theory. including tables of all the

experimental data collected, can be found in Reference 41.
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THERMODYNAMIC THEORY OF THE LEAD
ZIRCONATE-TITANATE SOLID SOLUTION SYSTEM,

PART II: TRICRITICAL BEHAVIOR

M. J. HAUN,t E. FURMAN,* H. A. McKINSTRY and L. E. CROSS
Materials Research Laboratory, The Pennsylvania State University, University

Park, PA 16802, USA

(Received September 16. 1988)

Two tricntical points, where a phase transition changes from first to econd order, were tound to occur
in the lead zirconate-titanate (PZT) solid solution s.stem. High-temperature x-ray diffraction data on
sol-gel derived PZT powders were used to calculate the cell parameters and spontaneous strain in the
ferroelectric phases. These data were used with addition data from the literature to determine alueb
of the higher-order dielectrc stiffness coefficients, which were then used to locate the tricritical points.
The values of the coefficients are also needed in the development of a thermodynamic theory of the
PZT system.

I. INTRODUCTION

Tricritical behavior, where a phase transition changes from first to second order.
has been shown to occur in the lead zirconate-titanate (PZT) solid solution ss-
tem.' - ' The end members lead titanate (PbTiO 3) and lead zirconate (PbZrO,)
both have well defined first-order phase transitions from a paraelectnc cubic phase
at high temperatures to ferroelectric tetragonal and rhombohedral phases. respec-
tively, at lower temperatures. By forming a solid solution between these first-order
end members a second-order transition region develops in the middle of the phase
diagram.'

The degree of first order behavior has been shown to decrease from lead zirconate
to the PZT 94/6 (94% PZ and 6% PT) composition, where a tricritical point occurs
and the transition changes to second order. 1 2 With increasing titanium content the
second order transition region was found to extend from the tricritical point over
to the PZT 88/12 composition.2 Since lead titanate has a first order transition, a
second tricritical point should occur between the PZT 88/12 and lead titanate
compositions.

To provide additional data to locate the second tricritical point. pure homoge-
neous sol-gel derived powders were prepared for several PZT compositions. The
lattice parameters of these compositions were determined from high-temperature
x-rav diffraction, and used to calculate the spontaneous strain. 6 By using these data
to determine the higher order dielectric stiffness coefficients. the second-order

,Now at E. I. du Pont de Nemours & Co.. Electronics Dept.. Experimental Station. P 0 Box
80334. Wilmington. DE. 19880-0334.

;Now at Allied-Signal Inc.. Metals and Ceramics Laboratory. P 0. Box 1021R. Morristown. NJ.
07960.
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transition region was found to extend over te the morphotropic boundary between
the tetragonal and rhombohedral phases.'

In this paper additional data will be presented to show that the second tricritical
point occurs in the tetragonal phase field. The compositional dependence of the
higher-order dielectric stiffness coefficients will be determined from high-temper-
ature x-ray diffraction data, and used to locate the tricritical points. Values of the
dielectric stiffness coefficients are also needed in the development of a thermo-
dynamic theory to model the phase transitions and single-domain properties of the
entire PZT system. 7- 10

In the next section experimental high-temperature x-ray diffraction data will be
presented. This data will be used to calculate the spontaneous polarization for
tetragonal and rhombohedral compositions in Sections III and IV, respectively.
This polarization data will then be used to determine the higher-order dielectric
stiffness coefficients , and to establish the location of the tricritical points. In Section
V the morphotropic boundary will be used to complete the evaluation of these
coefficients, followed by a summary of this paper in Section VI.

1I. HIGH-TEMPERATURE X-RAY DIFFRACTION

High-temperature x-ray diffraction was used to determine the cell parameters of
sol-gel derived lead titanate and PZT powders. The lead titanate data was previously
presented in Reference 11. and used to develop a thermodynamic theory of lead
titanate. X-ray data on PZT 90110. 80/20, 70/30 and 60/40 were previously presented
in Reference 6. In this section high-temperature x-ray diffraction data on sol-gel
derived powder of PZT 32:68 will be presented. The sol-gel procedure used to
prepare this powder was described in Reference 5. The x-ray diffractometer setup
and data analysis procedure that were used were described in References 6 and
11.

The splitting of the 002/200 and 123/312/321 peaks for the PZT 3Z68 composition
are shown in Figure 1. These x-ray data were used to calculate the cell constants
using the Cohen least-squares refinement method' 2 as shown in Figure 2. The data
in these figures indicate that the transition from cubic to tetragonal in the PZT 32,'
68 composition is either second order, or only slightly first order. This is more
obvious when plotting the cell volume (=a2rc) versus temperature as shown in
Figure 3. A continuous change in the volume would indicate that the transition is
second order. Additional data will be presented later in this paper to show that
the cubic to tetragonal phase transition in PZT 32/68 is probably second order.

The spontaneous strains x, and x, can be calculated from the tetragonal cell
constants ar and Cr using the following relations:

a T - a C  c T - ,-

t= ax,= -l

ac is the cubic cell length extrapolated into the tetragonal region.
Different procedures have been used to calculate the spontaneous strains, de-

pending on the procedure used to determine ac. Haun er al."' extrapolated the
cubic cell constant into the tetragonal region by assuming that the electrostrictive
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FIGURE I The angles of the 0021200 and 121'312.1321 diffraction peaks oi PZT 32.68 plotted '%ersus
temperature.

ratio Q11,Q1. is independent of temperature. which is a fairly good assumption in
PZT. '3 This ratio can be determined from the ratio of the spontaneous strains x,
and r, from Equation (21) in Reference 7:

x3 Qii 2
X, Q12

If the Q,1 1 2 ratio is known, then ac- can be determined by combining Equations
(1) and (2):

a Cr (QIQ,2aT 3)

By determining the QIIQ 1 2 ratio. ac can be calculated and used with the cell
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FIGURE 2 The lattice constants ot PZT 32.68 plotted versus temperature. ar and Cr are the lattice
constants of the tetragonal structure. ;, and ac are the lattice constants of the cubic >tructure abo,,e
Tc and extrapolated into the cetragonal region. respectively

constants to calculate the spontaneous strains. Haun et al. ' used a procedure of
extrapolating the cubic cell constant ac data to below the transition to calculate
the Qtk Q1, ratio for PbTiO,. Due to the second order transition behavior ot the
PZT 32,'68 composition. this procedure was not possible. However, the electros-
trictive constants of PZT have been recently approximated from a combination of
single-crystal and polycrystalline data. 3 A value of -3.166 for the Q11 Q1, ratio
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65.6 F I I I
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TEMPERATURE (0C)
FIGURE 3 The unit cell volume of PZT 31('8 plotted versus temperature.
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was determined for the PZT 32/68 composition.13 This value was used in Equation
(3) to calculate ac as shown by the data plotted in Figure 2.

The spontaneous strains x, and x were then calculated for the PZT 3268 com-
position from the data in Figure 2 using Equation 1. The results are shown in
Figure 4. along with the lead titanate strain data from Reference 11. The numerical
values of these data are listed in Reference 14. These strain data will be used in
the next section with the electrostrictive constants to calculate the spontaneous
polarization, which will then be used to determine the higher-order dielectric stiff-
ness coefficients.

I1. TETRAGONAL COMPOSITIONS

All of the dielectric stiffness coefficients in the PZT energy function [Equation (1)
in Reference 7] were assumed to be independent of temperature, except the di-
electric stiffness constant ax which was given a linear temperature dependence
based on the Curie-Weiss law:

T-To 4at = (4.)C
o" 2 EoC

C is the Curie constant. s is the permittivity of free space, and T, is the Curie-
Weiss temperature. By finding values of T, and C. ax, can be calculated as a function
of temperature.

The simplest and usual method of finding values of T) and C is to fit the inverse
of the dielectric constant in the paraelectric state using the Curie-Weiss law. Un-

0 .0 6 ...........

I- PbTi03

2-PZT 32/68
zoo

o 0.00
u 2

z x

0 ta- -0.0:3 , , , i , , ,, , , .O . 0 200 400 600

TEMPERATURE (0C)

FIGURE 4 The ,pontaneous )trains r, and r, plotted versus temperature tor PbTiO. and PZT 32
h8 The ,ata points were calculated from the lattice constant data hown in Figure 2.
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fortunately, very little dielectric data on PZT in the high temperature cubic state
exists, due to the lack of good qual-ty single crystals. Measurements on polbcrys-
talline ceramic samples typically give similar values of T, and C as single cr\stals.
but these measurements are difficult in pure PZT due to the large electrical con-
ductivity at high temperatures. In addition, considerable discrepancies exist in the
measurements that have been made. For these reasons indirect methods were used
to determine To and C. T. will be determined by fitting spontaneous strain data
as described later in this section. C will be obtained from low-temperature dielectric
data in the third paper of this series. s

The Curie constant acts as a scaling constant in the dielectric properties and
energies of the phases. The dielectric stiffness coefficients are inversel proportional
to the Curie constant. as shown in Equation (4) for ct. However. the spontaneous
polarization, strain, and tilt angle are all independent of the Curie constant. Since
the Curie constant was not known at this point, new constants were formed by
multiplying the dielectric stiffness coetficients by the Curie constant. These new
constants can be determined from the spontaneous polarization data independently
of the Curie constant. Equation (4) then becomes:

CC = T -(5)2E,0

Now if To can be determined, then the new constant a.,C can be calculated.
The spontaneous polarization of the tetragonal state can be related to the di-

electric stiffness coefficients by soling the quadratic relation formed from the first
partial derivative stability condition [Equation (14) in Reference 7j:

3 -c 1  [c& - 3a, ]- (6)

Only the solution involving a positive term in Equation (6) is considered here.
because this solution corresponds to a free energy minimum, while the other so-
lution corresponds to a maximum of the free energy.

Multiplying the numerator and denomnator of Equation (6) by the Curie con-
stant results in the following expression which relates P3 to the new cC. at1 C,
and a111C constants:

-t 11C + [(a11C)2 - 3cxC clv.C112
P (7)

3a(ltlC

If the cubic-tetragonal transition is second order then T,, = T. and the following
relation results from Equations (5) and (7):

P2 = a{l - [1 - b(T - Tc)':},

where a = -a 1C.'(3ctjiC), and b = 3cxl 1 C [2E) (acC)2 1 (8)

The a and b relations can also be rearranged in terms of the ct!LC and cttC
constants:

atlC= -1i(2F1 ) Cab) cI 11C = 1I(66)Cazb) (9)
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Since ot C and a111C are assumed to be independent of temperature. a and b will
also be independent of temperature. It can be deduced from equation (6) that for
a second order transition the spontaneous polarization P. vanishes at the transition
temperature Tc.

The spontaneous strains x and x. of the tetragonal state are related to P; through
the electrostrictive coefficients [see Equation (21) in Reference 7]. By substituting
Equation (8) into Equation (21) from Reference 7 the following relations result:

x, = aQ12 (1 - [1 - b(T - Tc)J 2} (10)

X3 = aQj, { - [I - b(T - Tc)I'} (11)

These equations can be used to fit the tetragonal strain data, if the cubic-tetragonal
transition is second order.

If the cubic-tetragonal transition is first order, then T, = T,. and the sponta-
neous polarization changes discontinuously at the transition. At Tc two relations
must be satisfied:

0 = otc + all P3c + aol Pjc (12)

o - %ac + 2a11 P2c+ 3atll P~c (13)

where ctc and P-,c are a and P, at Tc. Equation (12) was derived from the
requirement that the AG's of the cubic and tetragonal phases [Equations (8) and
,,9) in Reference 7] must be equal at Tc. Equation (13) is the first partial derivative
stability condition [Equation (14) in Reference 7] at T. which must be satistied
so that the stable state corresponds to the minima of the energy function.

From Equation (4). a at Tc is:

Cc= - C7) (14)

Substituting this equation into Equations (12) and (13). and solving for the tem-
perature independent coefficients cc,, and a41 1 results in:

- ( Tc - TO) TC - TO (15)El=  oCP2c otil 2EoCpc (

Multiplying these relations by the Curie constant C. equations result for the new
constants at1 C and at 11C:

C = TC - T) a111  Tc - T)(

Substituting Equations (16) and (5) into Equation (7). or substituting Equations
(15) and (4) into Equation (6), results in the following relation:

.= p [t _ T 1 - 117P3= Pc, where 'I' 4( T - T)J (17)

This equation can be used to calculate the spontaneous polarization P, from Pc
T,. and Tc - T. when the pa-aelectric-ferroelectric transition is first order.
Comparing this equation with the second order P3 relation [Equation (8)] shows
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that a change in sign occurred after the first term. This is because for a first-order
transition ctl is negative.

Similar relations can be derived for the spontaneous strains x and x3 by substi-
tuting Equation (17) into Equation (21) from Reference 7:

X I = k4'XC. where Xic = Q12P'c (18)

x3 = 'X3C, where .r3c = QiiP&c (19)

The above equations were used to fit the experimental tetragonal spontaneous
strain data that was determined from high-temperature x-ray diffraction data. in
each equation there are three independent unknown constants [x,c . T,. and
Tc - T, in Equation (18): and x~c. To. and Tc - , in Equation (19)]. With three
unknown constants many combinations of the values of these constants will g2ive
similar fits of the experimental data. For this reason a value of Tc was first deter-
mined from the experimental phase diagram, which reduced the number of un-
known constants to two. With only two unknown constants, the combination of
values that gave the best least squares fit of the data could be easily found.

Amin et al.t" fit Tc of the experimental phase diagram with the following po-
lynomial equation:

Tc = (211.8 - 486.0x - 280.0x" + 74.42r 3).C. (20)

where x is the mole fraction PbTiO 3 in PZT. This equation will be used to calculate
Tc versus composition for the evaluation of the dielectric stiffness constants 'n this
section, but a new equation [Equation (42)] will be given in Section IV. which will
be used to calculate Tc in References 8-10.

Haun et al. "1 used a computer program to determine values of xtc. .r . and T)
that gave the best least-squares fit of the lead titanate strain data (shown in Figure
4) using Equations (18) and (19) with Tc equal to 492.2°C [calculated from Equation
(20)]. The electrostrictive constants of lead titanate were determined using Gav-
rilyachenko et al. 16 room temperature spontaneous polarization value of 0.75 C m2 .
and used with the strain data to calculate the spontaneous polarization, as shown
in Figure 5. The values of all of the constants used in these calculations are listed
in Table I.

The same procedure was used to fit the PZT 32,'68 spontaneous strain data from
Figure 4. However, for this composition the least-squares error continually became
smaller as the Tc - Tj difference was reduced, indicating that the transition was
actually second order. Therefore, Equations (10) and (11) were used to fit this
data. Values of the constants aQ 1 . aQz,. and b were then found that gave the best
fit of the strain data. The spontaneous polarization was calculated by combining
the strain data with the electrostrictive constants from Reference 13. The experi-
mentally obtained polarization and theoretical fit of the data are shown in Figure
5. The values of the constants which give the best fit of the data are listed in Table I.
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FIGURE 5 The spontaneous polarization P, ot PbTiO, and PZT 3268 plotted versus temperature
The data points xere calculated from the experimental spontaneous ,train data plotted in Figuie 4.

and the electrostrictine constants trom Reference '3 The solid cur-ves are theoretical nus it ,he data

TABLE I
Constants used to Fit the Spontaneous

Strain Data and to Calculate mne
Spontaneous Polarization Data for the

Tetragonal Compositions

PbTiO,

TX(C) 492.2
TAI'C) 478 8

TC- T.) (C) 13 4

rC(10-)1 24

PCdC mn-) 17

ax,,C( 0'2'm1C C-F) to 1078
a11C(10"m'C C'F) 3,409

PZT 32'-68
T,= T.,CC) 436 2

ajQt - 15 496
ajQ 1Z 41 8940j
W'C' 1 0307

Q': (10 2-MI.C') -2 43
a (10 - -'C-: 4) - 2.0125
Q1101012 moC'C-F) 2.2224
a ... (Q10" m'C C'F) 4 5091



r

b 36 M J HALN el dl

IV. RHOMBOHEDRAL COMPOSITIONS

The spontaneous polarization of the high-temperature rhombohedral tate can be
solved from the quadratic first partial derivative stability condition [Equation (1i)
in Reference 71:

P?= - , {213 LI

where = 3(ctll + x,2), and E = 3(x II- 6(y ,t + _ .2 (22)

As in the tetragonal case the numerator and denominator of this equation mere
multiplied by the Curie constant C to relate P. to the new constants:

pI - C - [( C)2 - 9cCEC]'
= C 23)

where CC = 3(at,C - ,C), and C = 3aILC - 6a,1 2C -- o,2C (24)

If the cubic-rhombohedral transition is second order then T, = T.. and the
following relation results from Equations (5) and (23):

P= a{1 - [I - b(T - Tc)I':},

where a = - C(3C). and b = 9 C'[2E,,(C)2  (25)

The a and b relations can also be rearranged in terms of C and C.

C = -3,'(2E,,Cab) .C = I (2E,,Ca-b) (26)

A similar relation can be found for the spontaneous strain x, by substituting
Equation (25) into Equation (23) from Reference 7:

-r = aQ, { - [I - b(T - Tc)]'} (27)

As in the tetragonal case at T., if the cubic-rhombohedral transition is first order.
then a different procedure must be used to evaluate the coefficients. At T. the
energies of the cubic and rhombohedral phases must be equal [Equations (8) and
(10) in Reference 7], and the first partial derivative stability condition [Equation
(16) in Reference 7] must be satisfied:

0 = 3alc "Pc - P'c, and (28)

0 = arc + 2P~C "Pc, (29)

where a~c and P3c are a, and P. at T7.
Substituting Equation (14) into Equations (28) and (29) and solving for the

temperature independent coefficients , and results in:

, 3 (Tc - T,) = 3(Tc - 7)) (30)
oCPEc 2,,CP .,c)

I.
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Multiplying these relations by the Curie constant C. equations result for the new
constants 4C and C:

- 3(TC - To) 3(Tc - T,) QtE4c ~ 2E 'c- 3t

Substituting Equations (31) and (5) into Equation (23) or substituting Equations
(30) and (4) into Equation (21) results in the following relation:

P = P3c. where"-" = + - 4(Tc - T,)) (32)

This equation is the same as Equation (17) derived for the spontaneous polarization
of the tetragonal state, except that P3 and P.c in this case refer to the rhombohedral
phase.

A similar relation can be derived for the spontaneous strain x, b% substituting
Equation (32) into Equation (23) from Reference 7:

X4 = T'xc. where X.c = Q P'c (33)

Either Equation (27) or (33) was used to fit the experimental high-temperature
rhombohedral spontaneous strain data from Reference 6. The transition temper-
ature Tc was first determined from the fit of the experimental phase diagram
[Equation (20)], and then values of the remaining two unknown constants were
found that gave the best least-squares fit of the data. The best fit of the PZT 90/10
data was found to be slightly first order, while the best fits of the PZT 80,20. 70,
30. and 60/40 compositions were second order. The stain data was then used to
calculate the spontaneous polarization through the electrostricti,,e constants from
Reference 13. as shown in Figure 6. The values of the constants used in the
calculations are listed in Table II.

V. FI-TING THE MORPHOTROPIC PHASE BOUNDARY

In the last two sections constants involving the product of the Curie constant and
the fourth and sixth order tetragonal (a1jtC and cti11C) and rhombohedral (,C and
4C) dielectric stiffness constants were determined from spontaneous strain and
electrostrictve data. ajjC and acltC were determined for PbTiO. and PZT 3268.
and C and gC for PZT 90110. 80/20. 70/30. and 60/40 compositions. In addition
to these data, values of C and C were calculated for PbZrO. t" A value of .C
was also determined for PbTiO 3."1

From the above data the compositional dependences could be estimated for 4C
from PbZrO3 to PbTiO 3, for gC only across the rhombohedral phase field, and for
t,,C and cx,,,C only across the tetragonal phase field. Additional data were there-

fore needed to determine the compositional dependence of all of these constants
across the entire PZT system.

The {C [= 3(al + az)CI data was plotted in Figure 7 (c) versus composition.
These data were fit with the following equation:

C = [(a + bx) exp-' + dx + e1O'. (34)



38 'A J H-AUN et at

Zr/Ti=90/10

0.1

0.0

0.1

80

a.

z0.207030

Z 0.1-

00 40

TEMPERATURE (OC)
FIGURE 6 The spontaneous polarization P, (the component of PO) of the high-temperature rhom-
bohedral phase for the PZT 90/10. 80/20. '0/30. and 60/40 compositions plotted versus temperature.
The data points were calculated from the experimental spontaneous strain data Reference 1) and the
electrostrictive constants from Reference 16. The solid curves are theoretical tits ot the data.

where a = -9.6, b = -0.012501, c = 12.6. d =0.42743. e = 2.6213. exp is the
exponential function, and x is the mole fraction of PbTiO 3 in PZT. This equation
was then used to calculate i C versus composition.

The rhombohedral sixth-order dielectric stiffness (g) cannot become negative
when the rhombohedral phase is metastable, and the stable tetragonal phase under-
goes a second-order transition to the cubic state. The C [=- 3'ct,, ~ 6ce112

c 123)CI data from the last section showed that this constant does decrease across
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TABLE 11
Constants used to Fit the Spontaneous Strain Data and to Calculate

the Spontaneous Polarization Data tor the Rhombohedral
Compositions

PZT 90/ 10

TC(0C) 257 674
TO(°C) 257 655
TC - To (°C) 0.019
' 4c(i0 -5 ) 3.5328
Q 4 (10-2 ma'C2) 4.9
P3C (C/m:) 0 0329
C(10'4 m5 °C. C'F) -0059390

9C (10' mC. CF) 2.-458
PZT 30,20 PZT "0/30 PZT 60-0

T= T,('C) 298 40 334 41 366 16
aQ ( 10 - ") -2 2600 - 1 7487 - 5 .780
b(10-- 'C-') 2 2808 2.8)2 ,55338
Q, (10-- m"'C2 ) 5 17 5 52 629
a( I0- C:,mi )  -4.3713 - 3,1679 -8 7091
4C(10'" m°CiC'F) 1 6992 1 8737 1 9715
gC(101 m*'CC'F) 3 5153 3 5153 1 3454

the rhombohedral phase field towards the lead titanate composition. and may level
off without becoming negative. To keep this constant from becoming negative. C
was assumed to be equal to ta11 C at the lead titanate composition. This is the same
as assuming that ct,23C is equal to six times cX12C for PbTiO3. This data point was
plotted in Figure 8 (d) along with the rest of the EC data. which were then fitted
with the following equation:

gC = [(a -, bx) exp - r - dx - e110 11. (35)

where a = 16.225, b = -0.088651. c = 21.255. d = -0.76973. e = 0.887. and
x is the mole fraction of PbTiO 3 in PZT. This equation was then used to calculate

C versus composition.
The morphotropic phase boundary, where the energies of the tetragonal and

high-temperature rhombohedral phases must be equal, was used to extrapolate the
ottC and ct111C constants into the rhombohedral phase field. The energies of the
tetragonal and high-temperature rhombohedral phases were defined by Equations
(9) and (11) in Reference 7. Multiplying these equations by the Curie constant
results in the following relations:

FT AGC = cCP + ct 1CPP + P (36)

FRr) AGC = 3x CP3 3 CPI + CP3 (37)

Since the Curie constant is the same for the tetragonal and rhombohedral phases.
the product of AG and C for these two phases should be equal at the morphotropic
boundary.

From the data presented in the last two sections, the paraelectric-ferroelectric
transition appears to be second order on both sides of the morphotropic boundary.
and thus T,) = Tc . The relation for Tc [Equation (20)] was therefore used to
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FIGURE 7 The product of the fourth-order dielectric stiffness coetficients and the Curie constant,
The data points were determined from the expenmental measurements. The solid curves are theoretical
fits of the data.

calculate To, which is needed to determine ct1C versus composition [see Equation
(5)]. Using this procedure to calculate ctC with C and gC determined from Equa-
tions (34) and (35). the product of the energy AG and the Curie constant for the
rhombohedral state could be calculated using Equation (37).

A computer program was written to extrapolate the ci.,C and atttC constants
into the rhombohedral phase field by fitting the morphotropic boundary. The first
step was to make initial guesses for the values of cx1C and oatiC for PbZrO3. A
quadratic fit of these data and the values of ox,,C and atiHC determined in Section
Ifl for the PZT 32'68 and PbTiO 3 compositions were then made using the following
equation:

otttC or cttC = (a + bx + cx2) 10 t3 (38)

The product of the energy AG and the Curie constant of the tetragonal state could
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now be calculated using Equation (36). The morphot,'opic boundary %,as then
calculated from the cross over of the (AGC) products of the tvo phases. and a
least-squares error with the experimental data was calculated. New -Values ot c,zC
and (xl1 C for PbZrO were chosen, and the procedure repeated until the best least-
squares fit of the morphotropic boundary was obtained. The final fit is shown in
Figure 2 of Reference 10 by the solid curve. The values and final fittings of the
a11C and ot1 IC constants are plotted in Figures 7 and 8. In Equation (38) the final
constants for aIC were a = 10.612. b = -22.655, and c = 10.955: and for a C
were a = 12.026. b = - 17.296, and c = 9.1790.

This program visually demonstrated how the shape of the morphotropic boundary
could be changed by varying the dielectric stiffness coefficients. Depending on the
values of the coefficients chosen, the phase boundary could be shifted either towards
PbZrO3 or PbTiO 3, and the shape could be changed from vertical to curved. The
bending of the boundary could also be made to go towards PbZrO, or PbTiO..

The tC constant can be calculated from the at,,C and C[ = 3(ct, - ct_.)CI
constants:

ot:C = C/3 - c'11C (39)

Using this relation and Equations (3-1) and (38) for 4C and cxtiC. ot, 2C was calculated
versus composition as shown in Figure 7.

When a 1 C or C changes sign tricritical points occur, and the cubic-tetragonal
or cubic-rhombohedral transition changes from first to second order. As shown in
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Figure 7 tricritical points (labeled TCP) occur at the Pb(Zr_ -,Ti.)O, compositions
with values of x equal to 0.102 and 0.717. Between these tricritical points the
paraelectric-ferroelectric transition is second order, and first order regions exist
near the end members PbZrO 3 and PbTiO3 In the first order regions the T. - T.
difference and spontaneous polarization at Tc (P3c) can be calculated from the
following relations derived from ,.quations (16) and (31):

FT P3c = [ ,cI CI(2cIIIC 12, Tc - To = so(ottC)2!(2a 1 C) (40)

FR(HT) P3c = [- C(2gC)11 2, Tc- To = E0( C)2/(6 C) (41)

Using Equations (34), (35), and (38) to calculate the constants in these equations.
P3c and Tc - To were calculated as shown in Figure 9.

Tc data from the experimental phase diagram were used with the preceding
Tc - T0 calculations to determine T, data in the first-order regions. These data
were then combined with the Tc data from the second-order region. w,,hich is equal
to To, and fit with the following polynomial equation:

To = a + bx +cx 3 + dx" - ex + fx6 , (42)

where a = 189.48, b = 843,40, c = -2105.5, d = 4041.8. e = -3828.3. / =

1337.8, and x is the mole fraction of PbTiO3 in PZT.
Tc was then calculated from the following relation:

c= (T - To) + To, (43)

0.2 , 0.50
N (a) (b)

0.1 0.25
a.)

0.0 0.00
50 ' 15

(c) (d)
S10-

o 25
I- LI I - 5-

0 0-
0.00 0.05 0.10 0.15 0.6 0.8 1.0

MOLE FRACTION PbTiO 3 IN PZT

FIGURE 9 The spontaneous polarization at Tc(P,,) [(a) and (b)j and the Tc - T., difference [(c)
and (d)I plotted versus composition in the tirst order regions of the phase diagram.
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where To and Tc - To were calculated from Equations (40)-(42). Tc was calculated
from this equation and plotted in Figure 2 of Reference 10 along with the exper-
imental data. Equation (42) and (43) were used to calculate T) and Tc throughout
the rest of this series of papers.

VI. SUMMARY

Hh-temperature x-ray diffraction data on sol-gel derived PZT 32/68 powder were
presented, and used with electrostrictive data to calculate the spontaneous polar-
ization. These data were used with previously published data to determine the
values of the higher-order dielectric stiffness coefficients at several compositions.
The compositional dependence of each coefficient was determined by fitting these
values with an equation. A set of equations was then established that can be used
to calculate values of the coefficients at any composition.

All of the coefficients were assumed to be independent of temperature, except
the dielectric stiffness coefficient cc,, which was given a linear temperature de-
pendence based on the Curie-Weiss law. The experimental phase diagram was
extensively used in the evaluation of the coefficients, by requiring that the energies
of the adjacent phases be equal at the boundaries. The first partial derivative
stability conditions were also used as additional relations in the evaluation pro-
cedure.

The fourth-order tetragonal (a,,) and rhombohedral (c, - c,) dielectric stiff-
ness coefficients were found to change sign as a function of composition. indicating
that two tricritical points occur in the PZT system. where the paraelectric-ferro-
electric phase transition changes from first to second order. By extrapolating be-
tween the data points, the tricritical points were found to occur a: Pb(Zr -,Ti,)O,

compositions with x equal to 0.102 and 0.717. The transition was first order from
the end members to the tricritical points, and then a large second order region
occurs across the phase diagram between the tricritical points.

The tricritical point on the lead zirconate side of the phase diagram was previously
found to occur at the PZT 94/6 composition.2 four percent closer to lead zirconate
than indicated by this study. This difference may simply be due to the experimental
error involved in the measurements and theoretical fitting, or may be related to
differences in homogeneity of the powders used (mixed-oxide versus sol-gel).

Haun et al.' indicated that the second tricritical point oLcurred near or possibly
at the morphotropic boundary. With the more recent data presented in this paper
,nd a more careful analysis of the previous data. th2 second tricritical point appears
to be located at the PZT 28/72 composition as described above. Differential Scan-
ning Calorimetric (DSC) data on the sol-gel powders prepared in this project also
indicated that the second tricritical point occurs near the PZT 28/72 composition.
The shape of the DSC peaks at Tc changed from sharp narrow peaks (first order)
to very broad peaks (second order) at this composition. Additional work on pre-
paring homogeneous PZT powders, and then determining the lattice constants as
a function of temperature from high-temperature x-ray diffraction is needed to
locate the tricritical points more precisely.
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Values of the Cune constant (C) and sixth-order polanzation interaction dielectrc stiffness coefficients
(a,,._ and cEt2) are needed for the development of a thermodynamic theory for the entire lead zirconate-
titanate t PZT) solid solution system. Low-temperature dielectrc data measured on pure homogeneous
polycrystalline PZT samples were used to determine % alues of these coefficients at several compositions
across the phase diagram. Equations were then fitted to these data to determine the compositional
dependence of the coefficients. The Curie constant was found to form a peak in the middle ot the phase
diagram at the PZT 50/50 composition.

I. INTRODUCTION

This paper is the third paper in a series of five papers' -' describing the de',elopment
of a thermodynamic theory for the entire lead zirconate-ctianate (PZT) solid so-
lution system. Values of the Curie constant (C) and sixth-order polarization in-
teraction dielectric stiffness coefficients (ott and a,23) are needed for the devel-
opment of this theory.

Due to the lack of experimental data. the Curie constant was originally assumed
to be independent of composition in the theory developed for the single-cell region
of the PZT system. 5 Amin et al.6 later found from a combination of calorimetric
and phenomenological data that the Curie constant was dependent on composition
with a peak forming near the morphotropic boundary between the tetragonal and
rhombohedral phases. The theory was then modified to account for the compo-
sitional dependence of the Curie constant.' The Curie constant data determined
by Amin et al.6 extends from lead titanate to the morphotropic boundary between
the tetragonal and rhombohedral phases. Additional data were needed to complete

,Now at E. 1. du Pont de Nemours & Co . Electronics Dept . Experimental Station. P 0 Box
S0334. Wilmington. DE. 19880-0334.

:Visiting Scientist from the Department ot [norgantL Materials Science and Engineering. South China
Institute of Technology, Guangzhou. The People' Republic ol China.

SNow at Allied-Signal Inc.. Metals and Ceramics Laboratory. P 0 Box 1021R. Morristown. NJ.
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the compositional dependence of the Curie constant from the morphotropic bound-
ary to lead zirconate.

In this paper values of C, a112, and a1,3 will be determined as a function of
composition from lcw-temperature polycrystalline dielectric data. In the next sec-
tion the results of the low-temperature dielectric measurements will be presented.
These data will then be used in Section III to determine values of C, at,, and
a123. A summary of this paper will be presented in Section IV.

II. LOW-TEMPERATURE DIELECTRIC MEASUREMENTS

Additional experimental data were needed to determine values of the Curie con-
stant and a1 ,. and a123 coefficients. Low-temperature polycrystalline dielectric data
were chosen for this purpose. At low temperatures the thermally activated con-
tributions to the dielectric properties should "freeze out". The remaining dielectric
properties were assumed to be due to an averaging of the single-domain properties.

Zhuang et al. 3 fabricated pure homogeneous polycrystalline ceramic PZT samples
from sol-gel derived powders. The same procedure was used to prepare disc shaped
samples for use in this study. The samples were cut and polished, and sputtered
with gold electrodes. The samples, with thermal-resistance wires attached as leads.
were then shielded in a copper enclosure in an Air Products and Chemicals model
LT-3- 110 cryogenics system to cool the temperature to 4.2 K. The dielectric constant
and loss were measured at I KHz on a Hewlett Packard 4270A automatic digital
capacitance bridge.

After measuring the dielectric properties on the unpoled samples at 4.2 K. the
same samples were poled with electric fields of 20 to 40 KV'cm for 4 to 30 minutes.
The piezoelectric strain coefficient d33 was measured using a Berlincourt Piezo-d,,,
meter to determine the completeness of poling. The poled samples were ther. cooled
back down to 4.2 K, and the dielectric properties were remeasured. The unpolkd
(E.3), and poled (ej', parallel to the poling direction) dielectric constant data are
listed in Table I.

The Bruggeman formula9 was used to relate the poled (E.) and unpoled (Ejj)
dielectric constants of the tetragonal and rhombohedral polycrystalline samples to
the single-domain constants (Ell and 613):

E3 3  = 1(El1 - 2(811+ - 33) + - +e E-) " 13 3 | 2) ()

e33 = I(Ell + {s62 + 8EE-33} "2) (2)

Ell and E3 3 are the dielectric constants perpendicular and parallel to the poling
direction, and 0 is the fraction of 90* or 71'(109') domain alignment. EN and 633

were assumed to be equal to the dielectric susceptibilities -qll and T133 (actually
8,, = "nl + 1) for the tetragonal compositions. and to qtj and "13; for the rhombo-
hedral compositions [see Equations (27) and (29) in Reference 11.

In addition to the poled and unpoled ceramic dielectric constants, the fraction
of 900 or 710(1090) domain alignment 0 is required in Equations (I) and (2) to
calculate the single-domain constants. Turik et al." used an x-ray method to de-
termine 0 as a function of composition. These data were used to approximate
values of 0 as listed in Table I.

The differences between the poled and unpoled ceramic dielectric constants at
low temperatures (listed in Table I) showed a similar behavior as was seen at room
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TABLE I

The dielectnc constant at 4.2 K on
poled (ePq) and unpoled (ejl) ceramic
samples and the fraction of 900 (or 71.

1090) domain alignment 0

Zr;Ti em EP

94/6 93 2 87 2 0.65
90/10 106.2 101.1 0.65
70/30 139.4 135.3 0.65
60/40 173.2 156.2 0.63
54/46 282.6 232.5 0.50
52148 324.3 303.0 0.34
50/50 326 8 328.4 0.30
40/60 2006 202.0 0.23

temperature.' '0 By poling the samples the dielectric constant decreased tor the
rhombohedral compositions, and slightly increased for the tetragonal compositions.
Turik et al.9 attributed these changes from poling as being due to the reduction of
the clamping effect from 1800 domain walls. When 1800 domains are present. the
dielectric constant is lowered from a clamping effect between these domains. By
poling a ceramic sample virtually all of the 1800 domains reorient closest to the
poling direction, and the clamping effect is reduced causing the dielectric constant
to increase.

However, 900 or 71'(109') domain reorientation also occurs during poling, %, hich
decreases the dielectric constant If E13 is less than F,,. Thus the dielectric constant
will increase or decrease after poling depending on which of these competing
mechanisms dominates. In the tetragonal state the small fraction of the 90' domains
that realign during poling does not quite cancel out the increase in dielectric constant
from the reduction of the clamping effect of the 1800 domains, and therefore the
dielectric constant increases slightly. In the rhombohedral state a large fraction of
the 71'(1090) domains align during poling and dominate the increase from the
reduction of the clamping effect, causing the dielectric constant to decrease. In
addition, a smaller fraction of 1800 domains exist in a rhombohedral ceramic com-
pared to a tetragonal one."

Because of the clamping effect, as described above, Equations (1) and (2) were
only used to calculate the single-domain die!ectric susceptibilities -9,j and "q3T for
the rhombohedral PZT 94i6 through 54;46 compositions using the data from Table
I at 4.2 K. This data is listed in Table II. The single-domain dielectric susceptibilities
of the PZT 5148, 50/50, and 40/60 compositions will be calculated using a different
procedure in the next section. The single-domain data will then be used to calculate
values of the Curie constant, and the ar 2 and ,q23 coefficients.

III. EVALUATION OF THE CURIE CONSTANT AND SIXTH-ORDER
POLARIZATION INTERACTION DIELECTRIC STIFFNESS
COEFFICIENTS

In the second paper in this series- the compositional dependences of the ct,,C.
attC, C, and gC constants were determined. These constants together with the
aC constant can be used to calculate the spontaneous polarization and AG C of
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TABLE 11

Calculations from che low temperature ceramic dielectric data

Zr Ti r,1  O.,: C,:c
or or
TI; , 73, (105 :C) If)" mW°C C'F) (1I0" ml'C C'F)

Rhombohedral
94/6 98.0 84.1 2.0031 13 905 -3 3019
90110 110.2 98.4 2.0823 7 0625 - 1 8033
70/30 142.6 133.1 2.1648 3 3549 - 1.5592
60/40 i87.5 146.8 24243 3 1431 - 1 5008
5 .446 338.4 189.4 3 1714 2.425 6 - 1019
52148 392. 3 243 3 40965 -

50/50 429 7 254.1 4 2962
Tetragonal
40,60 325 1 110 - 2 6951

the tetragonal and high temperature rhombohedral phases [Equations (7). (23).
(36), and (37) in Reference 2]. In addition to these constants, the Curie constant
C, and the polarization interactions coefficients cx.,, c,, and c23 are required to
calculate the second derivative properties, such as the dielectric properties [see
Equations (27) and (29) in Reference I].

The c 12C constant was calculated from the cx,,C and C [=3(c ,1  - cZ) Cj
constants in Reference 2. A combination of the o11.C and ,.C constants can be
calculated from the a,,,C and gC [=(3all -- 6c(1 , + ,23) C] constants with the
following relation:

(6L,1 "- a 123) C = C - 3otlC (3)

Using this equation allowed (6cx,,2 - ct,) C to be calculated from the 'alues of
the EC and a,,,C that were determined in Reference 2. but additional data were
still needed to separate the c, 12C and C1,23C constants.

The low-temperature dielectric data presented in the last section were used to
calculate the Curie constant and to separate the dielectric stiffness coefficients ai,
and eC,23. To accomplish this the high-temperature rhombohedral equations were
used at low temperatures, where actually the low-temperature rhombohedral phase
is stable, because of the following reasons.

To calculate the dielectric susceptibility coefficients of the low-temperature rhom-
bohedral phase, the polarization-tilt angle coupling coefficients must be deter-
mined, in addition to the dielectric stiffness coefficients [see Equation (30) in
Reference I]. The dielectric properties have been experimentally shown to only
change very slightly at the transition between the high and low temperature rhom-
bohedral phases.' 2 A fairly good assumption can nen be that the dielectric sus-
ceptibility coefficients of the high and low temperature rhombohedral phases are
equal at the transition between these phases. Using this assumption with the meth-
ods described in this paper and the second and fourth papers of this series to
determine the other coefficients, the constants needed to calculate the dielectric
susceptibilities of the low-temperature rhombohedral phase can be solved for.

However, when using the low-temperature rhombohedral dielectric susceptibility



THERMODYNAMIC THEORY OF PZT-PART III 19

equations and the experimental ceramic data at low temperatures in the present
theory (tilt angle coefficients are independent of temperature and only go up to
the fourth order). the resulting values of the Curie constant will not agree with the
available experimental data. A temperature dependence was added to the second
order tilt angle related coefficient [ 1, in Equation (1) of Reference 1]. but this still
did not resolve the problem. Probably what is needed, in addition to this temper-
ature dependence, is to add a sixth-order tilt angle term to the energy function.
But if this is done the equations for the spontaneous polarization and tilt angle
will change from quadratic to quartic. At this point the additional complexity
resulting from a sixth-order tilt angle term is probably not warranted, and there is
not enough experimental data available to properly determine these additional
constants.

The question now is how can the low-temperature ceramic dielectric data be
used to determine the Curie constant and to separate the sixth order polarization
interaction coefficients, if the low-temperature rhombohedral equations will not
give reasonable results with the present theory. The dielectric properties of the
high and low temperature rhombohedral phases were experimentally found to be
very similar at the transition between these phases. If the dielectric properties of
these two phases remain similar down to low temperatures. then the high-tem-
perature rhombohedral dielectric susceptibilities relations could be used at low
temperatures.

Using the high-temperature rhombohedral relations at low temperatures pro-
duced very reasonable results. A Curie constant of 2 x 105'C was obtained for
the PZT 90/10 composition. which is in excellent agreement with experimental
single-crystal measurements.' 2 Thus this indicates that the high and low temperature
rhombohedral dielectric properties are probably similar down to even 'erv low
temperatures (4 2 K). The high-temperature rhombohedral dielectric susceptibilit
relations were therefore used for the dielectric properties of both the high and low
temperature rhombohedra phases, which appears to be a fairly good assumption.

The -q'1 and 1q3 data for the rhombohedral PZT 94/6 through 54Y46 compositions
were used to calculate the Curie constant, and to separate the (X,2 and ctt 23 constants
from the following high-temperature rhombohedral dielectric stiffness relations:

y't, = C,{e0[(T - To)leo + 12 a,1 CP2 + (30a,11 C + 12a, 12C - 2ct, 23C)P1} (4)

_63 = GIo)/(T - T -)/E + 4 CP2 + 10,CP 1} (5)

These equations were derived from Equations (29), (33). and (40) from Reference 1.
Equation (5) was used to calculate the Curie constant from the -q33 data in Table

II. and from values of the ,C and gC constants in Equations (34) and (35) listed
in Reference 2. Equations (3), (4), and (5) were then combined to calculate the
ctnzC and CL23C constants using Equations (38) and (42) from Reference 2
determine values of To, a,,C, and c 1t 1C. The C, cal,:C. and _t,23C data are listed
in Table II.

The c(t1 2C data listed in Table II with the lead titanate value from Reference 13
were fit with the following relation:

Ct 2 C = a exp - ' + cx + d, (6)
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where a = 58.804, b = 29.397, c = -3.3754. d = 4.2904, exp is the exponential
function, and x is the mole fraction PbTiO 3 in PZT.

The compositional dependence of the ct,. 3 C constant was determined from the
following relation derived from equation (3):

.C123C = C - 3cjjC - 6a 112, (7)

where gC and a 111C were determined from Equations (35) and (38) from Reference
2, and ca1t2C was determined from Equation (6) above.The data from Table 1I and
the calculations from Equations (6) and (7) are shown in Figure 1.

The Curie constants of the PZT 52/48 and 50/50 compositions were determined
by substituting Equations (4) and (5) into Equation (1). and using the e,' data
from Table 1, along with the dielectric stiffness constants calculated from the pre-
viously given equations. Values of -q( and -q" were then calculated from Equations
(4) and (5) and are listed in Table I. This procedure was also used for the tetragonal
PZT 40/60 composition using Equations (27) and (36) from Reference I for the
tetragonal dielectric susceptibilities. The values of C. qI,, and 1rj3 are listed in Tab!e
II.

Cr. 2

1---
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O MOLE FRACTION PbTiO3 IN PZT

FIGURE 1 Product of the sixth-order polarization interaction dielectnc stiffness coe.f:cients .nd the
Curie constant plotted versus composition. The data points were determined from expenmental data.
The solid curves are fits of the data using Equations (6) and (7)
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FIGURE 2 The Cune constant plotted versus composition. The data points are from Table 11. The
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FIGURE 3 The dielectric susceptibihity coefficients 71, and T13 in the tetragonal state and 71, and
TI; in the rhombohedral state plotted versus composition at 4.2 K. The data points are trom Table 11.
except for the points at PbTiO, which are from Reference 13 The solid curves are the theoretical
calculations after determining the compositional dependence of the coefficients.
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The best least-squares fit of the following relations were used to fit the com-
positional dependence of the Curie constant using the data listed in Table II along
a value of 1.5 x 105°C ,)r PbTiO 3:

Forx < 0.5: C = [2.1716/(1 -- 500.05x) 2 - 0.131x + 2.01]105

(8)

For x 0.5: C = [2.8339/(1 + 126.56x) 2 + 1.41321103

The Curie constant data and fitting from this equation are plotted in Figure 2.
Amin et al.7 also found a peak to occur in the Curie constant at the PZT 50/50
composition, although their peak value was somewhat larger than the results pre-
sented here (7.7 versus 4.3 x 105°C). Tsuzuki et al."4 experimentally found Curie
constant values of 5.8 and 6.0 x 103°C from single-crystal dielectric measurements
on PZT 50150 and 51,49 compositions.

The dielectric data listed in Table 1I are plotted in Figure 3, along with the
theoretical calculations using the constants determined in this paper. The cross
over of the -9j and "63 coefficients on the rhombohedral side of the diagram
resulted from the extrapolation of the constants between the compositions ,here
the data points occur, and may or may not be a real effect in the material. In any
case the dielectric anisotropy becomes very small in this region. A more detailed
discussion of the dielectric anisotropy will be provided Reterence 4.

IV SUMMARY

The dielectric properties were measured on unpoled and poled polycrystalline
samples at 4.2 K. These data were used to calculate the single-domain dielectric
susceptibility coefficients using the Bruggeman relation. Values of the Curie con-
stant and ot,12 and c, 23 coefficients were calculated from the single-domain data.
Equations were then used to fit these values to determine the compositional de-
pendence of the coefficients for use in the development of a thermodynamic theory
for the PZT system. As a summary of this paper and the second paper of the
series,2 Table iII gives values of the coefficients of the energy function.

The Curie constant was found to form a peak at the PZT 50150 composition.
similar to the compositional dependence of the electrostrictive constants." This
type of behavior is in agreement with earlier data in the literature."" " but at this
point it is not clear whether the peak is occurring due to the morphotropic boundary
between the tetragonal and rhombohedral phases or due to some other effect. The
Curie constant is a constant from the high-temperature cubic state. and thus should
probably not be related to the morphotropic boundary. By studying the compo-
sitional dependence of these constants in other solid solution systems where
a morphotropic boundary occurs away from the 50/50 composition [e.g. Pb-
(Mgt, 3Nb, 3O)-PbTiO3 system] may help to resolve some of these questions.
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THERMODYNAMIC THEORY OF THE LEAD
ZIRCONATE-TITANATE SOLID SOLUTION SYSTEM,
PART IV: TILTING OF THE OXYGEN OCTAHEDRA
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(Received September 16. 1988)

, aueb ot coefficients related to the tilting of the oxygen octahedra in the low-temperature rhombohedrai
phase ot the lead zirconate-titanate iPZT) solid solution ,,stem are needed in the deelopment ot a
thermodynamic theory ot the PZT system. In this paper these coefficients will be determined trom
experimental spontaneous strain and oxygen octahedral tilt angle data.

Values of the tilt angle related coefficients 1 . 3,. and 6) are asstmed to be independent of tem-
perature, and are then related to PL. OL. and TR. where PL and 0, are the spontaneous polarization
and tilt angle of the low-temperature rhombohedral phase at the transition temperature TR between
tilted and untilted structures.

Pz, and 0 , are derived from experimental data for the PZT 90110 composition. and used together
with spontaneous strain values at this composition to determine electrostrictive (Q,) and rotostrictve
(R.) constants. These constants are then in turn used to derive P, and 6, %alues tor other PZT
.ompositions from spontaneous strain vs temperature at each composition, and in the tinal paper in
this sequence to derive the 0, 3, and (b values for these compositions

I. INTRODUCTION

This paper is the fourth paper in a series of five papers t - ' describing the de,,el-
opment of a thermodynamic theory for the entire lead zirconate-titanate tPZT)
solid solution system. In the low-temperature rhombohedral phase in the PZT
system the oxygen octahedra tilt or rotate about the polar axis. In the first paper
of this series the oxygen octahedral tilt angle was included in the PZT energy
function as an order parameter [see Equation (1) in Reference 1] to account for
the low-temperature rhombohedral phase. In this paper the tilt angle related coef-
ficients of the energy function will be determined.

1I. EVALUATION OF THE TILT ANGLE RELATED COEFFICIENTS

The tilt angle related coefficients will be determined from the available experi-
mental low-temperature rhombohedral spontaneous strain and tilt angle data. Mul-
tiplying the energy of the low-temperature rhombohedral state [Equation (12) in

-Now at E. 1. du Pont de Nemours & Co.. Electronics Dept.. Experimental Station. P 0 Box
80334. Wilmington. DE. 19880-0334

;Now at Allied-Signal Inc.. Metals and Ceramics Laboratory. P 0 Box 1021R. Morristown. NJ.
07960.

Now at AT & T Bell Laboratories. Holmdel. NJ 07733.
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Reference 1] by the Curie constant results in the following relation:

FRILT, AGC = 3QtCP2 - CP' - .CP
- 3PC0j - 3cPr1 Ci - 3bCP2o0j (

where (bC = (-YII - 2"Yi2 4- "y)C (2)

C and gC were defined by Equation (24) in Reference 2.
Equations for the spontaneous polarization P3 and tilt angle 03 can be found

from the first partial derivative relations [Equations (17) and (18) in Reference 1]:

P and 0' =-b - [b2 - 4ac]'
2a

where for Pi: a = EC

b = i C - (6C)2'(2PIC)

c = ctIC - F3CbC;(2Pt1 C) (3)

and for 02: a = 4gc(PIC)2,((bC)2

b = 6C- til,,C,'(3 C)(3CC,'(bC) - Cj

c = o:1C - P31C((bC)(.Cf3 C(ttC) - , .C] (4)

Values of the cxC, C. and gC coefficients were determined in the second paper
in this series. Thus the tilt angle related coefficients PIC. itC. and 6C are the
only unknown coefficients in these equations. These coefficients were assumed to
be independent of temperature. and were related to three new constants at the
high to low temperature rhombohedral transition temperature. TR. using the first
partial derivative stability conditions [Equations (17) and (18) in Reference I]. and
by equating the energies of the two phases at the boundary [Equations (1) above
and Equation (37) in Reference 2]. This resulted in the following equations:

bC = - 1/62[2(3ottC + ctIC)(Pe - P.)

+ (15caL 11C + 14aI2C + oX123C)(PH - It)] (5)

p3C = -bCP2L + 11oL 2[(TR - ,,)/E )(P2 - P.)

; -C(P - i~C(P - P*)] (6)
31IC = t,0[(TR- T)1(2s,))(P. -P-)

+ C13 (P4H - P4L) - Ci3 (P6H - POL) - O13C0j - bCPL L (7)

PH and P,. are the spontaneous polarization of the high and low temperature
rhombohedral states at TR. 0 L is the tilt angle of the low-temperature rhombohedral
state at TR.

PH can be calculated from Equation (23) in Reference 2 using the constants
determined in Reference 2. Thus by determining TR. PL. and 0 L the 6C. 1IC. and
011C constants can be calculated. When calculating these constants, the dC constant
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should be found first from Equation (5). This value should then be used in Equation
(6) to calculate the P3IC constant. Finally the values of the dC and PIC constants
should be used in Equation (7) to solve for the 31 C constant.

The following least squares fit of the experimental phase diagram was used to
determine the compositional dependence of TR:

Forx < 0.15: TR = a + bx + cx2

where a = - 105.07, b = 2812.6, c = -7665.9

For x :: 0.15: TR = a + bx -- cx2 + dx3 -e 4

where a = 5.5465, b = 2388.8. c = -13864., (8)

d = 32282., e = -32675.

In fitting the data with x -R 0. 15 an additional data point was added at the PZT
50/50 composition at a temperature of - 273°C. This was required to keep the high
to !ow temperature rhombohedral boundary from crossing the morphotropic boundary
at low temperatures. The fit of the experimental data using these equations is
shown in Reference 4 in Figure 2.

Glazer et al.i determined the spontaneous tilt angle for the PZT 90/10 compo-
sition at 25 and 60'C. The values of the tlt angle reported represent the rotation
about the cubic [111] direction. In the three-dimensional energy function used in
this theory components (0.,) of the resultant tilt were included, Thus the component
tilts were first calculated from the resultant tilts that were reported in the literature.
The following relation was derived to relate the component tilts (0-) about each
orthogonal axis to the resultant tilt (6s) about the body diagonal:

cos 03 = ;(2 - cos 65) (9)

Another relation was also found to give similar results as Equation (9) for small
angles:

313 63 = 6s (10)

Equation (10) was used to calculate the component tilt (0,) from Glazer et al.'s
data.

This data was then used to determine the PL and 0L constants for the PZT 90/
10 composition that gave the best least-squares fit using Equation (4) combined
with Equations (5)-(8). The resulting values of PL and 60t are listed in Table I.

TABLEf

Values ot PL and OL

Zr,Ti P'. (C m:) 6, (deg

90/10 0 275 1 82
80120 0 271 1 99
'WO30 0 280 149
o0/40 - 0 392
50150 0 380 -
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The experimental data and the fit using these constants is shown in Figure 5 in
Reference 4.

The rotostrictive R., constant was used to fit the low-temperature rhomoohedral
spontaneous strain x, data (from Reference 6) for the PZT 90/ 10 composition using
Equation (24) from Reference 1, and the values of PL and CL determined above.
Using the value of the electrostrictive constant Q.. of 0.049 m4 'C2 from Reference
7, resulted in a poor fit of the experimental data. However, a good fit was obtained
by varying both the Q., and R.a constants. The best least-squares fit resulted in
Q, and R, values of 0.0433 m/C0- and - 1.93 x 10' deg- 2 , respectively. The
experimental strain data and the fit using these values is shown in Figure l(a).

The change in the Q., constant from high to low temperature rhombohedral
phases may indicate that the tilting of the oxygen octahedra influences the elec-
trostriction. resulting in different electrostrictive constants in these two phases.
Another possible cause of this could be that the tilt angle coefficients are temper-
ature dependent and/or that a higher order tilt angle coefficient is needed (80 term).
However. to not complicate matters any more than they already are, the Q,4 and
R, constants of the low-temperature rhombohedral state were assumed to have
the values given above independent of temperature and composition. The values
of the electrostrictive constants of the high temperature rhombohedral state were
still kept the same as given in Reference 7.

Using the same values of the Q, and R, constants given above for the PZT 90/
10 composition, values of PL and 0 L were found that gave the best least-squares
fit of the experimental spontaneous strain data for the PZT 80,20 composition.
The values are listed in Table I. The experimental data and fit using these values
are plotted in Figure 1(b).

The spontaneous strain x, was measured at two temperatures in the low-tem-
perature rhombohedral state for the PZT 70130 composition. Since there wvere only
two experimental data points, a procedure was used to combine these data with a
single tilt angle value at 9K that was measured by Amin et al.' for the PZT 60/40
composition.

The first step was to make an initial guess at a value of PL for the PZT 70/30
composition. This value of PL was used with the PL values listed in Table I for the
PZT 90/10 and 80/20 composition to solve for a quadratic compositional dependence
of PL (three unknown constants and three data points). This equation was used to
extrapolate a value of PL to the PZT 60/40 composition. which allowed a value of

0L to be found that fit the tilt angle data at 9K. This value of OL was used with the
OL values listed in Table I for the PZT 90/10 and 80/20 compositions to solve for

TABLE I

Values of the Tilt Angle Related Coetficients at 25C

Mole Fraction PbTiO, in PZT

0 1 02 03 04

0, (10' J/m' Deg-) 5 618 3 395 4 3.13 29 79
0,, (10' I/rn3 Deg4) 2.506 1 674 1 682 4 17 .
(b (101 rrnF Deg2 ) -9.626 -6 423 -6.502 -31 82
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FIGURE 1 The spontaneous strain , in the low-temperature rhombohedral state plotted ersus
temperature for the PZT 90110. 80/20. and '0,30 compositions. The data points are from Reference 6
The solid curves are the theoretical fits of the data.

a quadratic compositional dependence of 0 _.. This equation was then used to cal-
culate a value of 0L back at the PZT 70/30 composition. This value was used with
the initial guess of PL to determine the spontaneous strain x, and to calculate the
least-squares error with the two data points. Another guess of P1. for the PZT 70,
30 composition was then made, and the entire procedure was repeated until the
values that gave the best least-squares error were found.

A problem developed from the procedure described above: PL became less than
PH for compositions near PZT 60/40. The difference in the values between PL and
PH decreased from around PZT 80/20 to PZT 60,40. which seems to be in agreement
with pyroelectric measurements. ' However. it was felt that PL should probably not
become less than PH (the polarization should increase when going to the low-
temperature rhombohedral phase). Thus an additional manipulation was used to



0 'vI J HAUNeta1

keep PL from becoming less than Pt. To allow the difference between PL and PH
to decrease as the titanium content increased, but to keep this difference from
going to zero within the stability regiot, of the low-temperature rhombohedral
phase. an additional PL data point was included in determining the compositional
dependence of P,. This value was arbitrarily chosen by letting PL become equal
to PH at the PZT 50Y50 composition. This effectively moved the composition %where
P1 became equal to P ; into a metastable region.

This value of PL at PZT 50/50 (listed in Table 1) was then used with the previous
values of PL for the PZT 90/10. 80/20. and 70/30 compositions to determine the
compositional dependence of PL by fitting the data with a cubic polN nomial equation
(four unknowns and four data points). This equation was used to calculate a P,_
value back at the PZT 60/40 compositions. Using this value a new 6[_ value for
PZT 60/40 was found by refitting the experimental tilt angle data point at 9 K.
This value ef 0 .for PZT 60/40 was then used with the previous %alues of HL for
the PZT 90/10, 80/20, and 70/30 compositions to determine the compositional
dependence of 6L from a cubic polynomial fit.

The final values of PL and OL used in the fitting are listed in Table I. and plotted
in Figure 2. The cubic compositional fits, also plotted in Figure 2, of these data
are:

PL and OL = a - bx - cxZ - cx-,

where for PL: a = 0.28079

b = -0.030117

c = -0.46150

d = 1.8367 (11)

and for OL,: a = 0.91540

b = 12.967

c = -40.255

d = 11.4t7 (12)

The experimental spontaneous strain data and final fit for the PZT 70,30 com-
position are plotted in Figures 1(c). The experimental tilt angle data point and
final fit for the PZT 60/40 composition is plotted in Figure 5 in Reference 4.

With the compositional dependences of TR, PL, and 0L determined from Equa-
tions (8), (11), and (12). the tilt angle related constants 31C. 31.C. and 6C can be
calculated from Equations (5)-(7).

III. SUMMARY

The tilt angle related coefficients, IC. I3C. and 6bC. were related to three new
constants. IFR, P: and OL. at the transition between the high and low temperature
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FIGURE 2 The spontaneous polarization (P-j and tilt angle (0,) of the low-temperature rhombohedral
state at TR plotted versus composition The data points are from Table I The solid curves are tis ot
the data using Equations (i1) and ( [2)

rhombohedral phases. The transition temperature between these phases. TR. %,as
determined from the phase diagram. Values of the spontaneous polarization and
tilt angle of the low-temperature rhombohedral phase at TR. P1. and O,.. were
determined from experimental spontaneous strain and tilt angle data. These ,,alues
were then fit with equations to determine the compositional dependence of PL and
0L. These equations will be used in the last paper in this series to calculate the
values of 131. 011, and (b for theoretical calculations of the phase stability and
properties of the low-temperature rhombohedral phase. As a summary of this paper
Table 1I gives values of these constants at four PZT compositions.

REFERENCES

I M. J Haun. E. Furman. S. J Jang and L. E. Cross. 'Thermodynamic Theory ot the Lead Zirconate-
Titanate Solid Solution System, Part I. Phenomenology. ' Ferroelectncs to be published %ith this
paper.

2 ! J Haun. E Furman. H. A. McKinstry and L. E. Cross. "Thermodvnamic Theory ot the Lead
Zirccnate-Titanate Solid Solution System. Part II Tricritical Behavior. ' Ferroelectrtcs to be pub-
lished with this paper

3 M. J Haun. Z. Q Zhuang. E. Furman, S J Jang and L. E. Cross. -Thermodynamic Theory ot
the Lead Zirconate-Titanate Solid Solution Sstem. Part [II. Curie Constant and Sixth-order Po-
lar)7ation Interaction Dielectric Stiffness Coetficients. ' Ferroelectrtcs to be published with this paper.

4 M. J Haun. E. Furman. S. J Jang and L. E. Cross. 'Thermodynamic Theory of the Lead Zirconate-
Titanate Solid Solution System. Part V Theoretical Calculations.- Ferroelectrics to be publihed
with this paper.



62 'vi J HAUNetal.

S. A. If. Glazer. S. A Mabud and R. Clarke. .Acta Crst . B34. 1060 (1978).
6 M. J Haun. Y H. Lee. H. A. McKinstry and L E Cross. .4diances in X-rai .nalhsis t ol It.

edited by C S. Barrett. J V Gilfrich. R Jenkins. D E Le%den. J C Russ. and P K Predecki
(Plenum Press. New York. 1987) pp 473-481
M J Haun. Z. Q Zhuang. E. Furman. S J Jang and L E Crobs. I Am Ceram Soc . 72. 1t'i
(1989).

8 A. Amin. R. E. Newnham. L. E. Cross and D. E Cox. J Solid State Chemistrv 37. 248 i 19,
9 Z. Q Zhuang. M. J Haun. A. Bhalla. S. J. Jang and L E Cross. unpublished data.



APPENDIX 28



Ferroetectrics, 1989. Vol. 99. pp 63-86 c 1989 Gordon and Breach Science Publishers S A
Reprints available directly from the publisher Printed in the United States of America
Photocopying permitted by license only

THERMODYNAMIC THEORY OF THE LEAD
ZIRCONATE-TITANATE SOLID SOLUTION SYSTEM,

PART V: THEORETICAL CALCULATIONS
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In this final paper of a sequence of five papers presenting details ct a thermodynamic phenomenology
for the whole PbZrO 3 PbTiO solid iolution family, the constants derived in the earlier papers are
used to calculate the temperature and composition dependence ot the Elastic Gibbs Free Energy .AG,
at zero stress. the spontaneous electric polarization and spontaneous tilt of the oxygen octahedra in a
single domain, the anisoropir weak field dielectric permittivity and the piezoelectric constants tor
compositions all across the phase diagram.

These data can be used to determine the intrinsic component of the behavior of any pure lead
zirconate lead titanate in any part of the phase field and at any temperature. and thus can torm a
first step in the separation of the experimentally obser'ed properties Lmto .heir intmnsic (single domain)
component and their extrinsic domain and defect related responses

The function proposed is certainly not the final %lord for PZT. and will clearly be ubjected to
continuous modification and improvement as new and better experimental data becomes aailable The
purpose of the exercise has been to correlate a very wide panoply of experimental data with a sintoge
tunction. and to extract from it the constants which would be directlv accessible if sngte domain in ge
crystals could be grown at the interesting PbZrO, PbTiO, compositions

I INTRODUCTION

This paper is the final paper in a series of five papers' -" describing the development
of a thermodynamic theory for the entire lead zirconate-titanate (PZT) solid so-
lution system. In this paper theoretical calculations will be made using the equations
that were derived in the first paper' of the series, and the values of the coefficients
determined in the second, third, and fourth papers.-' The antiferroelectric cal-
culations will be made using the coefficients that were determined in Reference 5.

The free energies of each phase will be calculated in the next section and used
to determine the phase diagram. In Section III the spontaneous polarization and
tilt angle will be calculated. The dielectric and piezoelectric properties will then
be calculated in Sections IV and V. followed by a summary and discussion of the
future applications of this theory.

"Now at E. I. du Pont de Nemours & Co . Electronics Dept.. Experimental Station. P 0 Box
S0334. Wilmington. DE. 19880-0334

:Now at Allied-Signal Inc.. Metals and Ceramics Laboratory. P 0 Box 1021R, Morristown. NJ.
07960.
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II. PHASE DIAGRAM

In the second paper of the series, products of the dielectric stiffness coefficients
(c,,) and the Curie constant (C) were shown to be independent of C. These new
constants (a,1 C) can be used to calculate products of the free energies and the Curie
constant (.GC), which are also independent of C. Since the Curie constant is the
same in all of the so!utions of the energy function, the 2AGC products can be used
to determine the phase stability independently of the effect of the compositional
dependence of C.

In Figure t the product of the energies and Curie constant (C) are plotted versus
composition at three temperatures. The solution with the lowest AGC product
corresponds to the stable phase. and a phase transition occurs ,vhen the curves
cross. At 25°C [Figure 1(c)] the tetragonal solution has the lowest -AGC on the
lead titianate side ot the figure. and is thus the stable phase Moving across the

0 - I I I I 1 -1 1 1

T (a) 125*C

2

• , L I ) I I 0 I

(zT(T i c)2"

-2 f.. I
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w 2_ _ _ _ _ _ _ _ _ _

0 r

R(LT) I

".z1 4 5 F

- I , I
0.0 0.5 1.0

MOLE FRACTION PbTiO3 IN PZT
FIGURE 1 The product ot the free energy -O anti Curie con tant plotted ,,ersus compositon bor the
different solutions ot the energy function.
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figure towards lead zirconate the tetragonal phase remains stable to the dashed
line labeled 5. At this point the AGC of the high-temperature rhombohedral so-
lution becomes less than that of the tetragonal phase. and a phase transition occurs
between these phases (the morphotropic phase boundary).

Continuing across the figure. the high-temperature rhombohedral phase remains
stable to the dashed line labeled 4, where a transition to the low-temperature
rhombohedral phase occurs. This phase is then stable until the dashed line labeled
2 is reached, and a transition to the antiferroelectric orthorhombic phase occurs.
At higher temperatures an additional region of high-temperature rhombohedral
phase develops between the low-temperature rhombohedral and antiferroelectric
orthorhombic phase fields. The low-temperature rhombohedral phase field also
becomes narrower as the temperature is increased.

The AGC curves for the low-temperature rhombohedral and antiferroelectric
orthorhombic phases shown in Figure 1 were only drawn over the regions where
these phases were stable. The compositional dependence of the antiferroelectric
orthorhombic phase was determined by equating the energies of this phase with
the high-temperature rhombohedral phase at the transition between these states
(described in Reference 5). Since this transition only extends over a narrow com-
positional region, the above method will only apply over this region. Thus the
energy of the antiferroelectric orthorhombic phase should only be calculated within
this region.

In the case of the low-temperature rhombohedral phase the AGC can be cal-
culated over a very small region into the adjacent phase fields, at which point
either the spontaneous polarization becomes imaginary, or the low-temperature
rhombohedral phase undergoes a metastable phase transition to the cubic state.
,At this point additional work needs to be conducted to more completely understand
what is actually happening. This is particularly iniportant in gaining a better under-
standing of the change in the spontaneous polarization trom the high to low tem-
perature rhombohedral phases. as will be discussed in more detail in the next
section.

Calculating the AGC product of the ferroelectric orthorhombic phase provided
an independent check on the values of the coefficients of the energy function. As
shown in Figure I this phase was found to be metastable across the phase diagram.
indicating that the ratios of the coefficients are at least in the right range.

By plotting the composition versus temperature where the AGC products of the
solutions cross, the phase diagram is obtained as shown in Figure 2. The data points
are from the experimental phase diagram. and the solid curves are from the
theoretical calculations. The excellent agreement between the experimental data
and theoreical calculations is to be expected, because the data was used to de-
termine ',alues of the coefficients in such a way as to cause the energies of the
adjacent phases to be equal at the transition. However. this agreement shows that
the energy function and values of the coefficients that have been determined will
quantitatively model all of the known phase transitions of the PZT solid solution
system.

The inflection point in the transition temperature Tc between the cubic and high-
temperature rhombohedral phases near the PZT 90/10 composition (see Figure 2)
appears to be due to the tricritical behavior. The Curie-Weiss temperature T) should
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form a continuous function with a continuous slope across the phase diagram.
because it is determined from the cubic phase. In the second-order region Tc is
equal to To. but in the first-order regions T, becomes less than Tc. The T, - T,
difference increases rapidly over a narrow compositional region, from zero at the
tricritical point at 42°C for lead zirconate (see Figure 9 in Reference 2).

A question now arises as to why a similar change in Tc is not seen at the second
tricritical point near the PZT 28/72 composition. This may be because the
Tc - To difference only changes from zero at the tricritical point to 13.4°C for
lead titanate, and this smaller change occurs over a much wider compositional
range. In addition there is not enough T, data on the phase diagram in this region
to really be able to notice this type of change in Tc. Additional high-temperature
x-ray diffraction work is needed to more precisely locate the second tricritical point.
In the process of this work it would be interesting to try and see if Tc does change
in a similar (but smaller) way as occurs on the lead zirconate side.

III. SPONTANEOUS POLARIZATION AND TILT ANGLE

Figure 3 shows the calculated spontaneous polarization plotted %versus temperature
for five tetragonal PZT compositions. The first order transitions of the PbTiO: and
PZT 20i80 compositions can be seen by the discontinuous changes in the polari-
zation at T o. The other three compositions have second order transitions causing
the polarization to change continuously at To. The dielectric stiffness coefficient
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aL changes sign at a tricritical point between the PZT 2080) and 30/70 compositions
causing the transition to change from first to second order. This tricrItical point
was estimated to occur at the PZT 28/72 composition from an extrapolation of oHC
presented in Reference 2.

The calculated spontaneous polarization data shown in Figure 3 are in good
agreement with the available experimental data. The value of 0.75 C'm- at 25°C
for lead titanate is equal to Gavnlvachenko et al.'s" experimental single-crystal
measurement. The polarization values for the PZT 40Y60 composition are slightly
larger than the single-crystal measurements from 25 to 200'C of Tsuzuki et al.s
They commented that the polarization was not completely saturated in their hys-
teresis loops, which would result in lower values of the polarization. The close
agreement between the calculated polarization and experimental measurements
indicates that the proper values of the electrostrictive constants were used.

The spontaneous polarization of four rhombohedral compositions with the high
to low temperature rhombohedral phase transition is plotted versus temperature
in Figure 4. The resultant polarization (= 3 12P3) along the (111] direction was
plotted in this figure. The small first order change in the polarization of the PZT
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for four compositions with the high to low temperature rhombohedral phase transition

90/10 composition at the high-temperature rhombohtedral to cubic transition (T:
can be seen in Figure 4(a). The other three compositions [Figures 4(b)-(d)] all
have a second order transition at Tc This is because the fourth order rhombohedral
dielectric stiffness (cq, - ct,2) is slightly negative for the PZT 90/10 composition.
and then changes sign at a tricritical point (close to PZT 901 10) and becomes positive
for the other three compositions.

The high to low temperature rhombohedral phase transition is first order for all
comnpositions. as can be seen in Figure 4 by the discontinuous change in ,He po-
larization at this transition. This discontinuous change in the polarization inc:reases
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from PZT 90/10 to 80/20. but then decreases as the titanium content is increased
further. and becomes very small for the PZT 60/40 composition. This may explain
why Zhuang er al.' found from pyroelectric measurements that the polarization
only slightly changes through the high to low temperature rhombohedral transition
for the PZT 70/30 and 60/40 compositions, but a large change occurs for the PZT
90/10 and 94/6 compositions.

The spontaneous polarization data for the PZT 90/10 composition [Figure 4(a)]
is in fairly good agreement with the single-crystal measurements by Clarke and
Glazer. t0 Some of their experimental data in the high-temperature rhombohedral
region was used to determine the electrostrictive Q., constant for this composition.
and thus good agreement occurs in this region. However. their data showed a
decrease in the polarization on cooling in the high-temperature rhombohedral state
close to the transition to the low-temperature phase. possibly due to a leakage of
charge during their measurements. In this region the theoretically calculated po-
larization continues to increase as the temperature is decreased.

The spontaneous tilt angle was also calculated versus temperature for seeral
compositions as shown in Figure 5. The resultant tilt angle about the cubic [1 111
direction ( = 3 203) was plotted. The data points are the only aailable experimental
values of the tilt angle, and were determined from neutron diffraction by Glazer
et al.II and Amin et al.'2 These data were used in determining values for two of
the coefficients (see Reference 4). and thus the theory and experimental data should
agree. The theoretical calculations can be used to determine values ot the tilt angle
at other compositions and temperatures. as shown in this figure.

The spontaneous tilt angle was also plotted in Figure 6 ,ersus composition at
several different temperatures. The curve labeled 0L. represents the tilt angle at
the high to low temperature rhombohedral transition (TR). The discontinuit, in
the slope of the curves at the PZT 85, 15 composition occurs due to the relations
that was used to fit TR [Equation (8) in Reference 41.

Figures 4 and 5 show that the spontaneous polarization and tilt angle increase
ver, rapidly after transforming to the low-temperature rhombohedral phase, es-
pecially the compositions with greater titanium content. This may indicate a lim-
itation of the present theory. For the PZT 70/30 and 60/40 compositions the dis-
continuous change in the polarization at the high to low temperature rhombohedral
transition is very small compared to the sudden increase in polarization that occurs
just below the transition. The increase in polarization in the low-temperature rhom-
bohedral phase is even more noticeable when the polarization is plotted ,ersus
composition at different temperatures as shown in Figure '. If the spontaneous
polarization as a function composition does actually increase in the low-temperature
rhombohedral phase as much as is shown in this figure, then it seems that the
previous experimental measurements of the polarization on ceramic samples would
have found a similar effect.

The polarization should increase going to the low-temperature rhombohedral
phase, but the increase calculated from this theory seems to be too large. Two
possible explanations of this large increase in polarization in the low-temperature
rhombohedrai phase will now be described.

The first possibility is that this large increase may actually occur, and that the
previous measurements on ceramic samples missed this effect, because not enough
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measurements were made. The effect of the morphotropic boundary on the ceramic
data, where a coexistence of tetragonal and rhombohedral phases occurs. may have
also made it more difficult to measure the polarization in the narrow region where
the high-temperature rhombohedral phase is stable. Additional polarization meas-
urements on homogeneous ceramic samples would be useful in trying to determine
polarization changes in this region.

The second possibility, which seems more likely, is that the present theory does
not adequately model the spontaneous polarization in the low-temperature rhom-
bohedral phase for the compositions with greater titanium content. This could be
due to the assumptions made in determining the coefficients. For example, the Q.,
and R, constants were assumed to be independent of composition and temperature
in the low-temperature rhombohedral phase. The values of these constants were
determined at the PZT 90/10 composition, and then used for the other compositions.
The calculated polarization in the low-temperature rhombohedral phase ot the PZT
90/10 composition does not have the large increase that occurs in the PZT 70/30
and 60/40 compositions. Therefore, it seems likely that the Q, and R, constants
are dependent on composition, and if this was accounted for the large increase in
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polarization in the PZT 70/30 and 60/-10 compositions would be smaller. However.
at this time there is not enough experimental data available in the literature to
determine these compositional dependences. Additional tilt angle data obtained
from neutron diffraction would possibly solve this problem.

Another significant change could be made to the present theory by adding a
temperature dependence to the second-order tilt angle related coefficient (P,3. and
or a sixth-order tilt angle term. Again the problem with this is that there is not
enough data to properly determine all of these coefficients. The addition of a sixth-
order tilt angle term will also greatly complicate the theory. because the equations
for the spontaneous polarization and tilt angle in the low-temperature rhombo-
hedral phase will change from quadratic to quartic.

The above discussion has shown that there may be some limitation to how well
the present theory can quantitatively calculate the spontaneous polarization of the
low-temperature rhombohedral phase for the compositions with greater titanium
content. Due to the lack of tilt angle data and in order to avoid complicating the
theory significantly more than it'already is, the present theory is probably the best
that it can be at this time, and is probably adequate for most applications.

IV. DIELECTRIC PROPERTIES

The calculated dielectric susceptibility coefficients of PZT 50:50 were plotted versus
temperature in Figure 8. In comparison to the properties of PbTiO, (see Figure 8
in Reference 13). the dielectric susceptibilities and anisotropy have become much
larger. The transition at Tc is second order for PZT 50/50. while PbTiO. is first
order. The LGD phenomenological theory of a second-order transition predicts
that the dielectric susceptibility becomes infinite at Tc .

The compositional dependence of the dielectric susceptibility coefficients at 25:C
is plotted in Figure 9. A peak occurs in these coefficients at the PZT 50150 com-
position due to the peak that formed in the Curie constant (see Figure 2 in Reference
3). The increase in dielectric anisotropy (i1 1,q 33) that occurs from PbTiO3 to the
PZT 50150 composition is due to the change in the ratios of the dielectric stiffness
coefficients (a 2/atl, cI-/aM, and t,,3/ctj) as a function of composition.

On the rhombohedral side of the peak the anisotropy decreases and "qlj even-
tually even becomes less than "9;3. This effect is at least partially due to compo-
sitional dependence of the ratios of the dielectric stiffness coefficients, but may
also be due to an internal pressure that may develop within the perovskite structure
when a larger zirconium ion is replaced by the smaller titanium ion. Amin et al. "a

showed that for the PZT 50/50 composition the application of hydrostatic stress
would cause the anisotropy to decrease, and thus this effect might partially account
for the small dielectric anisotropy on the PbZrO3 side on the PZT system. Using
the present theory of PZT the effect of mechanical boundary conditions on the
properties and phase stability should now be investigated in more detail across the
entire PZT system.

The dielectric susceptibility coefficients of two rhombohedral compositions. PZT
60/40 and 90/10, were plotted versus temperature in Figures 10 and 11. A similar
change in the behavior cf the dielectric anisotropy occurs from PZT 60/40 to 90/
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10 as occurred from PZT 50/50 to PbTiO 3. For PZT 90/ 10 and PbTiO, (see Figure
8 in Reference 13) the dielectric susceptibility parallel to the polar axis yqj-, or 1l33,)
is larger than the perpendicular susceptibility (rTh or -q',) at high temperatures.
but smaller at low temperatures.

At high temperatures close to Tc for rhombohedral compositions close to the
morphotropic boundary (Ti content > 0.45) a problem develops when calculating
the dielectric susceptibility coefficient -q,, using the coefficients from References
2 and 3. At a temperature below T- the "qjj coefficient will increase to infinity,
and then becomes negative between this temperature and T-. This is simply due
to the values of the coefficients used. anu indicates that in this region these ,,alues
are not quite right. Because of this problem. care should be taken in calculating
the rhombohedral dielectric busceptibilities at high temperatures for compositions
near the morphotropic boundary. Considering that all of the coefficients were
assumed to be independent of temperature, except ot. and that some of the coef-
ficients were determined at Tc (232-492C) and others at 4.2 K. it is amazing that
everything works as well as it does, and that more problems have not occurred.
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Away from this region the calculated dielectric properties are in fairly good
agreement with the available experimental data. Haun et al. 13 showed that the
calculated dielectric susceptibility coefficients and anisotropy of PbTiO, were in
good agreement with Fesenko et al.'s' - experimental single-crystal data at low
temperatures. where the defect contributions to the experimental measurements
had "'frozen out". The theoretically calculated dielectric properties near the mor-
photropic boundary have similar values as the experimental measurements on single
crystals by Tsuzuki er al., Good agreement was also found between the calculated
dielectric properties and Clarke and Whatmore'sL" PZT 90/10 single-crystal meas-
urements.

V. PIEZOELECTRIC PROPERTIES

The calculated piezoelectric voltage coefficients g, (assumed to be equal to the b,
coefficients) for the PZT 50/50, 60/40. and 90/10 compositions were plotted versus
temperature in Figures (12)-(14). The g, coefficients plotted in these figures are
based on the cubic axes. Thus the x., axis is along the polar axis for the tetragonal
coefficients. but not for the rhombohedral coefficients.

Since the electrostrictive constants were assumed to be independent of temper-
ature, the negative temperature dependence of the g, coefficients was caused by
the temperature dependence of the spontaneous polarization. The PZT 90, 10 com-
position has a first-order change in the spontaneous polarization, which causes
discontinuities in the g,, coefficients at Tc. The PZT 50/50 and 60/40 compositions
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undergo second order transitions, and thus the g, coefficients change continuously
from a value of zero at Tc.

The compositional dependence of the g,, coefficients at 25°C is plotted in Figure
15. Since the electrostrictive constants were given a compositional dependence (see
Figure 2 in Reference 17). the compositional dependence of the g, coefficients
d.pends on the electrostrictive .:onstants and the spontaneous polarization (see
Figure 7). The result is that the g, coefficients change with composition as shown
in Figure 15. The compositional dependences of the g, coefficients are much smaller
than that of the d, coefficients, which will be presented next.

The piezoelectric charge coefficients d,, of the PZT 50/50 composition were
plotted versus temperature in Figure 16. The positive temperature dependence of
the ,, coefficients was caused by the strong temperature dependence of the di-
electric susceptibility coefficients. In Figure 17 the d, coefficients are plotted versus
composition at 25°C, showing the large peak in these coefficients near the mor-
photropic boundary. The large increase of the "fLiI coefficient near the morphotropic
boundary (see Figure 9) caused a large increase to also occur in the di5 coefficient.
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For the rhombohedral compositions the d, coefficients were calculated based on
the original cubic axes. resulting in four independent nonzero coefficients. The
relations for the rhombohedral coefficients are more complicated than those for
the tetragona! coefficients, because two terms are involved in three of the tour
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relations [see Equations (44) and (45) in Reference 1]. These two terms are often
competing: one term being positive, while the other is negative. In addition the
-qt2 coefficient can be positive or negative depending on the compositon and tem-
perature.

The d,, coefficients are plotted ersus temperature for two rhombohedral com-
positons, PZT 60/40 and 90/10. in Figures 18 and 19. The d33 and drS coefficients
form similar shaped curves for both compositions. but the d,, and d,, coefficients
have definite differences.

For the. PZT 60/40 composition the d,, coefficient is negative at all temperatures.
and becomes more negative with increasing temperature. The d,., coefficient of the
PZT 90/10 composition is slightly negative at low tempratures, and then becomes
positive at about - 100C, and continues to increase with increasing emperature.
These diffeences are due to the "T11 coefficient. which is negative for the PZT
60/40 composition. and positive for the PZT 90/ 10 composition (except at low
temperatuies where it changes sign and becomes negative).

The d,, coefficient of the 60/40 composition is negative. and becomes more
negative with increasing temperature. For the PZT 90/ 10 compositon the d,1 coef-
ficient is negative at low temperatures. becomes more negative with Increasing
temperature, and then suddenly increases and becomes positive just below Tc,
This behavior is due to the changes that occur in me value of the "it.- coefficient.
and also due to the two terms in the d,1 relation. which are of opposite sign with
one dominating at low temperatures and the other at high temperatures.

The rhombohedral d, coefficients described above are based on the origmal cubic
axes. What needs to be done in the future is to rotate ,he axes. so that the new x3
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axis is along the rhombohedral polar direction. This would reduce the number of
independent nonzero coefficients to three (d-, d,,. and d15). similar to the tetra-
gonal d,, matrix, and thus simplify the analysis of these coefficients.

The calculated d,, coefficients have similar values as the experimental ceramic
data near the morphotropic boundary. The only available single-crystal data was
measured by Gavrilyachenko and Fesenkois on lead titanate. Their data were
compared with the theoretical lead titanate calculations in Reference 3. Fairly
good agreement was found, especially for the d31 coefficient.

VI. SUMMARY AND FUTURE APPLICATIONS OF THE THEORY
OF PZT

The applications of compositions of the PZT solid solution s.stem as piezoelectric
transducers. pyroelectric detectors. electro-optic devices, and explosvveiy irduced
charge storage devices were described in the first paper of this series to demonstrate
the technological importance of PZT. In these applications PZT is used in poly-
crystalline ceramic form, and thus the properties of these ceramics are well estab-
lished in the literature. However. the mechanisms contributing to these outstanding
ceramic properties of PZT are not well understood, because of the number of
contributing factors and complexity of the interactions within the ceramic.

A first step in the analysis of a ferroelectric ceramic material .s to separate the
intrinsic and extrinsic contributions to the properties. The intrinsic contributions
result from the averaging of the single-domain single-crystal properties. hile the
extrinsic contributions arise from the interactions at grain or phase boundaries and
from the domain wall or thermally induced defect motions. Unfortunately. due to
the difficulty of growing good quality single crystals of PZT. very little reliable
single-crystal data is available. Thus the goal of this project was to use a ther-
modynamic phenomenological theory to calculate the single-domain properties of
PZT. The results of this theory could then be used to separate the intrinsic and
extrinsic contributions to the ceramic properties. In addition there are se,eral other
applications of this theory. which will be described later in this summary.

In the first paper of this series a modified elastic Gibbs free energy function was
expanded in powers of the ferroelectnc and antiferroelectric order parameters. An
additional order parameter was also included to account for the tilting of the ox.gen
octahedra in the low-temperature rhombohedral phase. The resulting energy func-
tion can be used to model the phase transitions and single-domain properties of
the entire PZT system. Solutions to this energy function were used to derive
relations for the energies, spontaneous polarizations, strains, and tilt angles: and
dielectric and piezoelectric properties corresponding to the different phases in the
PZT system.

All of the coefficients of the energy function were assumed to be independent
of temperature, except the ferroelectric and antiferroelectric dielectric stiffness
coefficients a, and a,. which were given linear temperature dependences based on
the Cune-Weiss law. The experimental phase diagram was extensively used in the
evaluation of the coefficients, by requiring that the energies of the adjacent phases
of a phase transition must be equal at the transition. The first partial derivative
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stability conditions were also used as additional relations in the evaluation pro-
cedure.

Without single-crystal data, the development of this theory was complicated and
involved indirect methods of determining the coefficients of the energy function.
Additional expeimental data were needed to determine the compositional de-
pendence of the coefficients. A sol-gel procedure was used to prepare pure ho-
mogeneous PZT powders across the phase diagram to be used in collecting addi-
tional PZT data. The lattice constants versus temperature were determined from
these powders from high-temperature x-ray diffraction, and used to calculate the
spontaneous strain.- 13 19 The sol-gel derived powders were also used to fabricate
ceramic samples tor dielectric, piezoelectric, elastic, pyroelectric, and electrostric-
tive measurements.3 P' o 21 22 These data were very important in completing the
evaluation of the coefficients of the energy function.

The compositional dependence of the cubic electrostrictive constants across the
PZT system were determined from a combination of single crystal and ceramic
data using series and parallel averaging relations (analogous to the Reuss and Voict
methods of averaging the elastic constants)."' An interesting result of this work
was that the electrostrictive constants form a peak at the PZT 50/50 composition.
In addition, the ratios of the electrostrictive constants change with composition in
such a way as to explain the compositional dependence of the electromechanical
anisotropy found in PZT ceramics. -3 The electromechanical amsotropy is ',ery large
in compositions near the end members PbTiO3 and PbZrO:. but becomes 'er,
small for compositions in the center of the phase diagram near the morphotropic
phase boundary.

In the second paper of this series the electrostrictive data were used with the
spontaneous strain data to calculate the spontaneous polarization, which % as used
to determine values of the higher-order dielectric stiffness coefficients. In the third
paper of this series low-temperature ceramic dielectric data were particularl, im-
portant in determining the compositional dependence of the Curie constant. and
in separating the sixth-order polarization interaction coefficients (cX1 . and ct, 3).
The tilt angle related coefficients were determined in the fourth paper of the series
from spontaneous strain and tilt angle data. The compositional dependence of the
antiferroelectric urthorhombic free energy was determined by combining data from
a separate theory developed for PbZrO 3 with the requirement that the energies of
the high-temperature rhombohedral and antiferroelectric orthorhombic phases must
be equal at the transition between these phases.'

After determining values of the coefficients at several different compositions as
described above, the compositional dependence of the coefficients was determined
by fitting an equation to these values. A set of equations was then established that
can be used to calculate values of the coefficients at any composition.

Using these equations the phase stability, spontaneous polarization, tilt angle.
and dielectric and piezoelectric poperties were calculated. The theoretically cal-
culated phase diagram was shown to quantitatively model the experimental phase
diagram. An independent check of the coefficients was also made by calculating
the free energy of the ferroelectric orthorhombic state, which showed that this
phase was metastable across the phase diagram in agreement with the experimental
diagram. The spontaneous polarization and tilt angle were calculated for several



THERMODYNAMIC THEORY OF PZT PART " . THEORY 13

compositions across the phase diagram. These calculations were in good agreement
,ith the available experimental single-crystal data. The dielectric and piezoelectric

properties were also calculated and found to be in good agreement with the ex-
perimental data. As a summary of these calculations, the theoretical properties of
PZT at 25°C are listed in Table 1.

Some limitations of the present theory were found. Due to the lack of experi-
mental data for the low-temperature rhombohedral phase, especially tilt angle data,
some assumptions were necessary in determining the compositional dependence of
the tilt angle related coefficients. In addition these coefficients were assumed to
be independent of temperature. and only tilt angle terms up to the fourth power
were included. With these assumptions, the calculations of the spontaneous po-
larization, tilt angle. and dielectric properties were still in fairly good agreement
with the experimental single-crystal data at the PZT 90i10 composition.

The problems developed in the calculations for compositions with greater tita-
nium content. The spontaneous polarization calculated in the low-temperature
rhombohedral phase for the PZT 70/30 and 60/40 compositions increased more
than would be expected. Another problem was found when calculating the dielectric
susceptibility (negative values resulted) in the high-temperature rhombohedral phase
at temperatures near Tc and at compositions close to the morphotropic boundary.
However. away from this small region he dielectric properties could be calculated
in good agreement with the available experimental data.

The present theory could be improved as ad"'onal experimental data becomes
available. In particular. additional spontaneous strain data on very homogeneous
powders are needed to more precisely locate the tricritical point on the lead titanate
side of the phase diagram. Strain data for compositions close to lead zirconate are
a)ko needed to determine the compositional dependence of the antiferroelectric
coefficients. Finally, additional tilt angle data are needed to more accurately de-
termine the tilt angle related coefficients.

In this series of papers a single energy function and set of coefficients was
presented that can be used to model all of the known phase transitions in the PZT
solid solution system. This theory can also be used to calculate the single domain
properties of PZT. In addition to the properties already calculated.the theory can
be used to calculate the elastic compliances at constant electric field, the dielectric
susceptibilities at constant strain (the dielectric susceptibilities calculated in this
paper were at constant stress), and thermal properties such as the entropy change
and latent heat at a transition.2 6 2' This theory can now be used for several different
applications.

One application that this theory has already been used for was to help explain
the large electromechanical anisotropy that occurs in PbTiO. ceramics, but not in
single crystals. By averaging the single-crystal constants obtained from this theory.
a large electromechanical anisotropy was found to occur due to the particular v, alues
of the single-crystal electrostrictive ratios of PbTiO 3.-3 Other compositions in ce-
ramic form. such as PZT 50/i50. have small electromechanical anisotropy. because
the values of the single crystal electrostrictive ratios have changed.

The intrinsic and extrinsic contributions to the properties of polycrystalline PZT
ceramics can now be separated with the results of this theory. By using simple
averaging relations the intrinsic contributions to the ceramic properties can be
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calculated from the theoretical single-domain properties. B then comparing these
properties with rhe experimental measurements )n ceramic samples, the extrinsic
contributions can be determined. Comparisons with low-temperature and high-
frequency measurements on ceramics will be particularly useful in determining the
conditions necessary for these extrinsic contributions to 'freeze out" as temperature
decreases and "relax out" as frequency increases. After separating the extrinsic
contributions, comparisons of these results -hould be made with the calculations
from other theories, such as that by Arlt and Peusens,-s where the domain wall
contributions to the dielectric constant of BaTiO 3 ceramics were calculated.

This theory can also be used to study the effects of electrical and mechanical
boundary conditions on the properties and phase stability, which should also lead
to a better understanding of ferroelectric polycry stalline materials where the bound-
ary conditions may vary from grain to grain. Amin et al. " 9 studied these etfects
using the earlier phenomenological theory that was developed for the morphotropic
phase boundary region. -' They found that the application of an electric field would
easily transform the rhombohedral state to the tetragonal state, but that by appl.,ing
a field to the tetragonal state would not transform it to the rhombohedral state.
They concluded "that this may be part of the reason there is a rapid escalation of
coercivity against poling in the tetragonal phase compositions." Amin et al. also
studied the effect of hydrostatic pressure on the properties and phase stability. and
found that for morphotropic boundary compositions the rhombohedral phase can
easilv be transformed to the tetragonal phase from applied hydrostatic pressure.
Additional studies of the effects of electrical and mechanical boundary conditions
should now be continued using the more complete theory of PZT that has been
presented here.

The energy function developed for PZT was based on the elastic Gibbs tree
,:nergy. which resulted in dielectric stiffness coefficients under constant stress con-
ditions. If the Helmholtz free energy had been used. then the dielectric stitfness
coefficients would be under constant strain conditions. The fourth-order dielectric
stiffness coefficients from these two energy functions can be related through terms
involving the electrostrictive and elastic constants. 26 31 Since the fourth-order di-
electric stiffness coefficients changed signs with composition and caused the tri-
critical behavior to occur, it would now be useful to compare these coefficients
with the coefficients from the Helmholtz function to determine if the tricritical
behavior is due to the electrostiictive coupling, or due to the intrinsic behavior of
the material. By comparing the coefficients of the energy functions additional
understanding of the pnase stability may be gained.

With the phenomenological theory developed for the PZT system. extensions
into more complex systems, such as lanthanum modified PZT (PLZT), can now
be attempted. This should be important. because for most technological applica-
tions PZT is modified with other ions. Extending the PZT theory into the PLZT
sstem should also be useful in furthering the understanding of relaxor t.pe fer-
roelectric materials.

In addition to the applications described above, the phenomenological theory of
PZT will provide a method of collecting all of the dielectric, piezoelectric. elastic.
and thermal data into an organized and easily tractable form. The methodology
outlined in this series of papers can be used similarly for any solid solution system
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which has the same order parameters as PZT. H~pothetical phase diagrams with
desired properties can be constructed. and then compared with existina S~stems to
find candidates for further study.
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lectrostrictlve Properties of the Lead Zirconate Titanate
Solid-Solution System
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Values of the ekctsOvicl'de comuts for the lead zfrconsit parallel averaging relations, analogous to the Voigt and Reuss
titAnate (PZT) solld.solutiom system were required to com. methods of averaging the elastic constants.' will be used to calcu-
pke the developmect of a thernmodynami pbenomenologcal late the single-crystal electrosrictve constants of two PZT corn-
theory of PZT The electrostrictive j,, constant was mes;- positions from a combination of single-crystal and ceramic data.
ured a functon ot compostion on polycrystallne ceramic The data from Sections II and IV will then be used in Section V
PZT samples. Thee data were used with additional single- with additional data from the literature to approximate the com-

crystal and cermk c data from the Iltarature to approximate positional dependence of the electrosmcuve constants of FZT, Fi-
the compositional dependence of the electrostrictive constants nally. a summary of this study will be presented in Section v, 1.
o( the PZT system. Series and paral equations, analogous U T Dependence of the Electrostricive
to the Volgt an Reuss models for the elastic Constants of ZT
used to relate the ceramic ad dngle-crystal data, and to pme.
did the upper and lower bounds o tW ceramic ekctlrostri- The temperature dependences of the electrostricuve constants
tlive constants fts the ingle-crystjj comitants. (Key words: of perovskite ferroelectrics were previously studied. Jang' and
lead zirconate titanate, electrical ceramics, polycrystalline Uchino et al. . found that the single-crystal electrostncuve con-
materials, e;ectroic properties, solid solutioaL] stants Qii and Q12 of Pb(Mg,3Nbj,3)O, are independent of tem-

perature, within tie limits of their experimental error. Zorn et al.
[. found that from 150 to 2000C the electrostrictive constants Ql,.

Q12, and Q,. of crystallites in Pb0 ,5ro 8aoos[Zro6Tio3,sboc2]O,C OMPOSITIONS in the lead zirconate titanate (PZT) solid- ceranc were independent of temperature, again within the limits
solution system have been widely used in piezoelecc trans- of the expermental error. In addition. Meng et al.' found that the

ducer applications in polycrystalline ceramic form.' However, C, and Q12 constants of ceramic PLZT were virtually indepen-
considerable difficulty has been encountered when attempting to dent of temperature. From these measurements the electrostric-
grow single crystals of PZT. Without single-crystal data indtrect live constants of perovskite ferroelectrics appear to be fairly
methods have been required to determne the coefficients of a independent of temperature. In this section additional calculations
thermodynamic energy function for the PZT system." from published data will be presented to further demonstrate that

In one particularly important indirect method, spontaneous the electrostrictive constants of PZT compositions are only
strain and electrosmctive data were used to calculate the spon- slighdy temperature dependent.
taneous polarization.)' Because of the lack of experimental The temperature dep:ndence of the spontaneous polanzaion
electrosurctive data on PZT, the electrostrictive cunstants were and strain will be used to calculate the electrosmcuve constants
assumed to be independent of composition and temperature. Zorn for PbTiO,, PZT 40/60 (40% PbZrO) and 60% PbTiO0), and
et at. 3 used an X-ray technique to measure the composition and PZT 90/10 using the following tetragonal and rhombohedral
temperature dependence of the electrostrictve constants of crystal- telations:
lites in PZT (modified with strontium, barium, and niobium) ce-
ranuc sampils with compositions nei the =tgon&-rho l Tetragonal
morphotropic phase bounday. They found that the electrostric-
tive constants were independent of temperature, but dependent = Q,:P)
on composition. QP lb'

The purpose of this study was to furtbe investigate the compo-
sition and temperature dependence of the electrostrictive con- £, = x 4 0
stants in the PZT system. In the next section calculations of the Rhombohedral
to-mpeature dependence of the electos-tricve constants ior three
PZT composifions will be presented. In Section II the results x, x, £ = (Q, - 2Q12)P :al

of experimental mersurements of the compositional d2pendencX Zbi
of the ceramic electrostrictive a constant will be described x3 = x=  QP,

(throughout the paper a bar over a symbol will be used to refer to The x, (i = 1, 2 ... 6) ate the spontaneous strains in reduced
polycrystalline ceramic constants, and a symbol without a bar notation. Qz. Qz. and Q" are the cubic electrostrcuve constants.
will refer to single-crystal constants). In Section !V series and P, is the component of the spontaneous polarzatuon in the x, It-

rection and is equal to the spontaneous polarization (Ps) in the te-
tragonal phase. In the rhombehedral phase Ps 3" 2P3.

v 4. s -mowtunn a Equations (1) and (2) were derived from the Devonshire form
of the ela.stic Gibbs free energy function under zero stress con-

Muuiwm; No. 199270. ReotuSd Much I. 1983: aMo d Deembw 9. 196. ditions3 and can be used to calculate the electrostrictive con-
MNmbi,. AZM C&m SOCY.
Now with the Elioamics Dqunat. EApunmuta Stiuon. E. 1. du Por stants from exper'rental saontneous polarization am stan data.

Nerms 4:3d Co.. Wilit. DL. Equation (2) represents the spontaneous strain relations for the
,vu ftmm ft DiTpxot olo. o .. Th, Peop * RS9ud hWgh.temperature rhombohedral phase tn the PZT system. The

low-temperamr rhombohedral phase will not be dealt with in
' ,wh Moab Ud Caum Levswuy. Ali.Sigi.i Inc.. momiso. this paper (see Ref. 4 for strain relations for this phase). Equa-

Ni.



t3ofl 1,1) will be used for the PbTiO, and MZ 40/60C comnpositions. 02,
which have tetagonal structures in the ferroetectrc state Ecqua- bT0
nson(2) willbe used for the rhombohefral PZT 90/10 composition. ()PT0

The only direct experimental data available on the temperarame 0i
dependence of the spontaneous polarization of single-crystal Pb,-
TAO was calculated by Rerneska and Glassl0 from pyroelectric______________

measremnts They found the room-ternperacure Ps value to be o _ ____

0 56 C'm' using liquid electrodets and a pulsed, field technique. J 100 20 300 4C0 !400
This value is smaller than Gavnlyacheako et al. 's" value of C

o~ 02t0 75 C ,m For use in calculating the electrostrictive con- (b4Z 06
stantS. Remeika and Glass's dama were corrected to agree with(bPZ 00
Gavrilyacheniko er al.'s value using the following relation: 0.1l

PS AP -0 17 C/m&) (0.75/0.56) (3) 1,
.%P was the change in polarization that Remeik znd Glass clcu. i 05 0 5 0
value at Tc. 4 LOHamner al.'zcalculated the spontaEwusstrains x, anidx 3 of the0(c T901
tenrgonai stiucrure of PbiO., from high-mperature X-ray di- l)Z 0I
fraction cell constant data by assumiung that the electrostrictive i005-constants were independent of temperature. The following pro-
cedure was used to recalculate the spontaneous strains independ-
ently of the electrostrictive constants. Using the data from 0.0
Ref 12 the First step was to use a linear extrapolation of the cubic '40 150 '60 170 80 90
cel!l constant down in temperature to the ru~st four sets of tetrago- TEMPERATUPE (OC1
nil cell constant data. The spontaneous strans x, and x3 were
then caliculated at these four temperatures uwing the following Fit. L. Single-rystal electrostccve constants :iioted
equations from Ref. 12: versus temperature for (a) PbTiO3. ib) MZ 40, 60. and

(c) PZT 9)/ 10.
a- ai C - a((4

where or and cr are the tetragonal cell constants, and ar is the
extrapolation of the cubic ceUl constant. T'hese four sets of u=~i this paper. As can be seen in Figure 4 lib., the eiecTrosmnczve
data were fitted witb' the following theoretical relations (Eqs. (17) constants of PZT 40/60 ame only slightly temperature dependent
and (18) from Ref, 12). This dependence again becomes strorger at temperatures ap-

ZI 0  Z, 4d1r, (5) proaching Tic, probably because of the larger error in this region
The& % change/ 100'C is listed in Table 1. The value is larger than

where that o, PbTiO,, but still should be considered small.
r Mr9) Clarke and Glazer' determined the temperanure dependence of

- I 31Tc -')i2 he spontaneious polarization of MZ 90/ 10 single crystals from
~ 4(T 0111J hysteresis loop measuremeonts. They also measured the rhombc'-

T,- an d 9 are the Curie and Curie-Weiss temperatures, and x, hedral cell constants using high-teniperanire X-ray diffracton. The
and x~ ae ft spontaneous ,Toaras of th wnga ,tt a , 7 spontaneous strai x,((9 a,,)/ 901 was calculated from their
was set cqual to 492.20C IRo.f. 12). and a. x,0, and x~o were de iliombobedral angle ka,) data and used with the polarization data
termined from the best least- squares fit of th u to calcui~tic the electrostrsctivc Q,, constat in the high-tempera.

using the constants obtained. from this fitting tie spoatancou tux tobcftd state, as shown in Fig. 1(c). From 140' to
strain was extrapolatedi down to lower temoerares and use 190*C the QA constant was vurtuilly independent of temperatuwe
with Rerneika and Glass s corrected polarization daa(e~ie with only a 0.47% change/lI00*C from a linear fit (listed in

at~oe) o clculte he empr~tue dpenenc of he lecro. Table 1). AUove and below the plotted temperature range the Q,
atr~otve 1, aculat thetemperaoure dependescewo the eigcI($) increased significantly as the temperature approached the tra'si-

Only a slight temnp-rature dependence was found up to about ions to Uhe cubic pha= at higher tempetam-ts, and the low-tern-
J0C The larger increase of the electrolstnctive cor~tsunu abv perammr rhombohedral phase at lower temperatures Ths is 3ginr
300*C was probably dde to the larger error -.n polarizaion an t'efieved to be due to the larger experimental error in the mests-
strain data near Tc where large changes occur in thiese quanti. urements at temperatures close to the transitions.
ties. The depolarization of the sample above 300'C is likely to From the "at in Fig. I and Table 1. it can be concluded that
cause an increase in calculated electrostrictive constants The the clectrotnctive constants of PbTiO3 and PZT compositions
values of the percent change in Q11, Q12 -,' 1, and Qb are only slightly temperature dependent in agreement with the

(Q -2Q,2) for PbTiO, from 0* to I000C ane listed in Table 1. data in the literature on perovskimte ferrioelectrics
Allt three constants change less than Z%/ 100*C, and the ratio
-Q,,/QI 2 changes only 0.37%/100*C.

Tsuzuki er al. " deteruned the spontaneous polarization versus
temperature on a PZT 40/WO single crystal from ferseelectric Table 1. Temperature Dependence of the Electrostrictive
hysteresis loop measurements. These data were ised with Cn~so Z
spontaneous strain data from Ainn er al.' to calculate the tern- C MMIOswo consm Ternp range I) c hangeICOC
perature dependence of the electrcticue constants Qii an Q2 PbTiOQI 0-100 1 4as shown in Fig. 1(b). Since these strain data were calculaWd us PbTiO, -Q1  ~ 0-100 1 8
Ing the cubed root of the tetragonal volume as the extrapolation PbTiO, Q 0-100 1 0
Of the cubic cell constant (problem develop when using thus pro- PbTiO, -QII/QI2 0-100 0 37
cedure; see Ref !2 for details), they w~ere first corrected using M'Z 40/60 Qii, -QiZ Z5_150 5 2
the value ofthc Q1 rticothat was Jerermned In SecionV of PZT90/l10 Q41 1*0-190 047



Table 11. Experimentar Values of the Table Ill. Single-Crystal Electrostrictive Constants
Cerarrdc PZT Electrostrictlve , Constant compailic" Q,. m"Cli Q,Z m' C') Q. m' C ,

ZrTi , C:, PbTiO. 0.0890 -0 026" 0 0675'
90/10 -00060 PZT 50/50 00966 -00460 00819
70/30 -00075 PZT 90/10 00508 -00154 00490
60/40 -0 0090 From Ref 12 From Ref 22.
52/48 -00158
50/50 -00228

constants. However, because a polycrystalline matenal is iso-
[U. Experimental M ts o t&- Ceramic Uu tropic. the Um equation is related to the 1,, and al relations, and

Constaml thus only two independent equations exist for the series or paral-
lei models. For this reason, if values of the polycrystalline Ulf

As described in Section 1. the values of the suigle-crystal clecto, and U, constants are known, then a single-ctystal constant or
stricuve constants as a function of composition are required for some relation involving the single-crystal constants will also have
the development of a thermodynamic theory of RZT. Because of to be dtermned to be able to use these averaging equations to
the difficulty of growing single crystals of FZT. very few single- solve for the single-crystal Q1, Q,2, and Q. constants.
cry~tal electrostricuve dam exist. Some electrostrctive data were The following procedure was used to calculate the single-
measured on ceramic PZT samples.' but these data are conflict- crystal constants of FZT 50/50 using the ceramic C,1 value of
ing and do not provide a complete picture of the electosrmictive -0 0228 m'/C' from Table Ul, and additional information from
properties of PZT. To provide additional data to determine the literature. Zhuang et al " measured the ceramic ptezoelecmc
the compositional dependence of the electrosmctiuve constants in 33 and 3,i charge coefficients and found that the d/3 ratio
the PZT system, the U12 constant was measured on a series was -2-2 for the PZT 50/50 composition. The ceramic U/ ,i
of ceramc samples. These measurements will be descnbed in ratio has a value of -2.2. assuming that the boundary conditions
this section. are the same for the 333 and 23, coefficients (see Ref. 18 for more

P'.ire homogeneous PZT ceramic samples were fabricated from details concerning this assumption). If the ceranic UiU, ,atio
sol-Oe-denved powders as described in Ref. 16. Thin rectangular- is close to -2. then the single-crystal Q1/Q 2z ratio will also have
shaped samples with dimensions of 10 by 4 by 0.3 mm were cut a value close to -2 when using either the senes or parallel
from sttered disks, and sputtered with gold electrodes. The e!ec- models, "* Zorn et al ' experimentally found that the QI,/Q, ratio

osmctive strain and polanzaton were measured simultaneously was approximately -2 for FZT compositions (modified with
under a cycling electric field at a frequency of 0. 1 Hz. A variable strontium, barium, and niobium) close to the tetiagonal-rhombo..
frequency modified Sawyer-Tower circuit" was used to measure hedrl morphotropic boundary.
polanzation-electric field hysteresis loops, which were then used Using the ceramic U.2 value of -0 0228 m/C 2 and a ceramic
to determine the polanzation as a function of applied electric U , ratio of -2.2. the single-crystal QI/QII ratio was varied
field. A polyimide-based foil strun gagel was carefully bonded to obtain reasonable values of the single-crystal constants usingto the samples with a polyester adhesive. The gage resistance the series and parallel models. This procedure resulted in a
was measured using a dc bridge type dynamic stran amplifier." single-crystal Q/Q 0z ratio of -2.1. and the same single-crystal
The transverse strain level. x,2, was then recorded on a strip chart Q, and Qi constants when using either model, but different Q,
recorder as a function of electrc field. values. The series model gave a Q,, of 0.0532 m'/C1, while the

The elecirostrictive U, constant was calculated from the slope parallel model resulted in a value of 0. 1106 m'/Ca. The average
of the transverse strain plotted versus the square of the llanza- of the two models was taken as the Q, for this composition and
non using the method described in Ref. 9. The resulting Qiz val- is listed in Table III atong with the resulting Q,1 and Q12 values.
ues for five PZT compositions ar listed in Table a. and plottd The series and parallel models were also used to determine the
:acer in this paper in Fig. 3(b). Thie U. constant increased slightly snl-ria osat o h Z 01 opsto snfrom PZT 90,10 to 60,40. and then a large increatse occurred single-crystal constants for the PZT 90/10 compositon using
near the PZT 5050 composition. en a a fond sncres o red the cemamic U12 value of -0.006 m"/C from Table 11. and addi-neator e M o 5015[0 rT compositiorZorn a al.foun s r with tional data from the literature. A single-crystal Q. constant ofints for Pb0o.SrozBao 0[Z.r heoNO composit ons wth 0 049 m'/Ci was calculated in the high-temperature rhombohe-i ranging from 0.45 to 0.65 wher c e Qa constant as we as dral state from Clarke and Glazer's" spontaneous polarization
,he Q,, ,.onstant, increased wih icreasing Euraam content. data. and Haun et al. sW spontaneous strmn x, data. Ujma et al. '

IV. Calculation of the SngkeC -ystzl Ekccvstile calculated the hydostat!; electrostrncnve U (-U, - Za,0 con-
Constants for PZT SO/50 and 90/10 stant for ceranumic PbZrO as a function of temperature and defect

concentmation from measurements of the pressure Curie constant
The ceramic Uj data presented in Section IH were used with (linear slope of the inverse dielectric constant of the cubic phase

additional data from the literature to determune the single-crystal versus pressure). They found that the U, decreased with increas-
e)nectostrictive constants using senes and parallel averaging rela- ,ng temperature above Tc. Assuming that thus temperature depen-
,ions PZT 50/50 and 90/10 were the only compositions where dence was due to their measurements close to T7". a value of f,
enough electrosmcuve data were available to use dus procedure. of 0.02 m','C' was chosen from their highest temperaure mews-
The methods used to calculate the constants for these composi- urement above T," on a defect-free sample. The PZT 90/10 com-
uons will be descnbed in this section. position was also assumed to have tus value of U

Senes and parallel electrosticuve averaging relations, analo- Using the above values of the single-crystal Q,4 and ceramic
gous to the Voigt and Reuss methods of averaging the elastic U,, d j, contants, de single-crystal electrostictive constants
constants, 6 were presented in Ref 18 These equations relate the of the PZT 90/ 10 composition were calculated from the series and
polycrystalline Ul,, , and U.. constants to the single-crystal parallel models. The ceramic Ul constant and cerainuc Ul,/ l

(calculated from Ui, and ) ratio were fixed, while the single-
crystal Q11/QI ratio was vaned until the average of the senes and

'Kyowa KFR--Ci.II Kyowac Ecunic Inamm Co., .W.. CoxyO. 'ap. parallel Q"'s was equal to the experimental value. Because the
vy O P i PCan2 ."K.ows DPM .612D. QdIQ I1 and a I/U Il ratios weet used in1 the se ries and parallel



mnodels, the same -values or Q,, and (21 result with different
Q.sThe senes model gave a Q,,. value of 0 0385 rn/C'. while Q 012

th parailel model gave a value of 0 0592 m'/Cl The average of(aOi
thesetwo values was usdas the Q,.for the PZT 90/0 composi.
tion and is listed in Table III along with the resulting Q,, and : 006-
Q,. values. OL

-00

V. ComposiltionaW Dependence o( the Electrostrictive 0 04

In this section the single-crystal electrostrictive constants z Ib)
determined in the last section for the PZT 50/50 and 90/ 10 comn-
positions will be used with previously determined PbTiO, con-
stants" to approximate the compositional dependence across -o L
the PZT solid-solution system. The values of the constants oil1
for these three compositions are listed in Table [II. These damta5
indicate that all three constants QII, Q12, and Q" have larger
values at the PZT 50/50 composition than at the PbTiO3 or C

PZT 90/10O compositons.0 .5
T-he following Cauchy-type equation was used to fit theQ.

Q11, and Q" data,

Qa d -e6) 00

I, T bc, - 7) , MOLE FRACTION PbT,0 3 IN PZT

where a. b'. c. J. and e are constants. and x is the mole fracton F19. 2. Electriostrictive constants and ratos plotted versus
'Me onsantc ws st eualto .5 o cusecompositioa. The single-cMyta constants Q,,, -Q,,. Q,. and

of PbTiO3 in MZT The costn clM~. wa(eaq)lt . o as and (b). The saigle-castal -QjI'Q,: and
the peaks to form at the PZT SO/SO composition. Values of ceramic -Q/IQu ratos (upper and lower lurs labeled I and
the ad. and e constants were found by fitting the data listed in 2) & plote In (c).T1he data po~atsuinta am froinTable[III
Table [al. The b constant was used to control the shape (width) of
the peaks. A value of 2600 was found to give faiy good upper
and Zowcr bounds (series andA parallel models) around the ceramiuc
Q, data listed In Table U (see Fig. 3(b)).

The resulting values of the five constants for Q11, Q12, and Q"
ame listed in Table IV These values were used to calculate th Haun er al."' sho~ed that as the single-crystal -QjQ1 ratio
:ompositional dependence of the electiostrctivc constants using tincreases the ceramic UZ/alratio will also increase. wrien
Eq (6), as shown in Fig 24(a). At this time the cause of the using either the series or parallel models. This effect is shown in
increase of the electi'osttictive constants in the center of the Fig. 2(c). where the ceramic -C,1 CF ratio is plotted versus
phase diagram is niot understood. However, this behavior gives composition for the series and parallel models. The single-crystaJ
Fairly good agreement with other experimental dama. The anomai- -Q,,'Q" r=o also iuenices the cermi -U2 l ratio. but lia-
'f-us bechavior mnay 5e related to the tetragonal-rhombohedral !ittle effect when the single-ciystal -Quj Q,1 ratio approaches 0 5
morphotropic boundary, or possibly due to som type of ordering The piezoelectric anisotropy (-93/333) in PZT ceramics IS l
that occurs in the PZT structure at the PZT 50/SO compositiona. considerable importance in hydrophone and medical ulmasont,
In addition to the peaks at the electrostrictive constants, and the imaging applicaluions, where a large piezoelectric arusotropy is
well-established peaks in the dielecrtric and piezoelectric proper- desired for increased hydrostatic sensitivity2" The piezoeteculc
ties near the morphotropic boundary, the Curie constant ha alsol anisotropy in PZT ceramics. is much larger for compositions near
been fiound to form a peak In this rio~ Studying these proproe the end members Pb z1 and PbZzO3 tha for composition in the
in other solid-solution systems, such as the Pb(MgI, 3Nb11,yO,- ceter of the phas diagrta nar the maixphopic phas boundary
PbTiO3 system where the morphotropic boundary occurs well The values of the single-crystal electrostrictive ratios -Qzi QI
away from the 5O/SO compositon, my lead to a bette under- and -Q,1 Q. have been shown to be related to the large piezo-
standing of this behavior, electric anisoropy that occurs in ceraict PbTiO,. This same

The Q,, constant and -QIdIQiI ratio were also calculated and type of analysis can now be extended across thet PZT system
plotted versus; composition in Figs. 2(b) and (c). The -Qiz'Qli using the electrostrictive data plotted in Fig. 2. The change in te
ratio also forms a pesk at the MZ 50150 composition with the single-cryst.&l electtrctve ratios acrss the PET system con-
peak value appiroaching 0.5. The -Qu/IQII rato is analogous to tributes to the change in piezoelectric anisotropy that occurs.
Poisson's ratio, which is equal to -sd~,Where the 1, are the Tle dielectri anisy and degree of polarizatiou have also been
elastic compliance coefficients. When the value of Poisson's ratio shown to be related to the ceramiuc piezoelectric anisoropy "~
approaches 0 5, the materiel becomes mechanically incompress- The single-crystal electrostive constants were also used to
ible. In a simiular way, when the -Q1JIQ1 ratio approaches 0.5. calculate the compositional dependence of the upper and lower
the hydrostatic elecmrosctive constant becomes very small (see limits of the ceramic constants using the series and parallel
Fig 2(b)), and it is difficult to produce a volumetric electrotrc- models, as shown in Fig. 3. The ceramic 71 data points shown
uve strain in the material. in Fig. 3(b) are from Table 11 and were used to determine the

Ta"l IV. Values oif the Constants Used in Eq. (6) to Calculate the CoespoeltloWa Depeadesics
of the Elecarosricitive Constants of PZT

CoeStM = b C d

Q11 0.029578 200 0.5 0.042796 0045624
QU-0.026568 200 05 -0.012M9 -0.013386

Q", 0.025325 200 05 0020857 0046147



cently been :-omnokted J51ng the values Of the e-lectrostrictive :on-
I stants that have been presented in trus paper
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Modeling of the Electrostrictive, Dielectric, and
Piezoelectric Properties of Ceramic PbTiO3

MICHAEL J. HAUN. EUGENE FURMAN, SEI JOO JANG, AND T.ESLIE E. CROSS. PELLOW. IEEE

4bstract-The upper and lower limits of the electrostictive con- behavior of PbTiO 3 by calculating the ceramic electro-
tants, dielectric permitivities. spontaneous polarization, and piezo- strictive constants, dielectric permlttitiv ities, spontaneous

electric coefficients were calculated for ceramic PbTiO3 from theoret-
ical single-crystal constants. Experimental ceramic data falls between polarization, and piezoelectric coefficients from the sin-
these uppcr and lower limits. The large piezoelectric anisotropy j, ,, gle-crystal constants that were recently determined from
of ceramic PbTiO 3 was shown to be related to the single-crystal PbTiO, a Devonshire type phenomonological theory [8]. The up-
electrostrictive antsotropies Q! IQ12 and Q2/Q,. The possibility of a per and lower limits of the properties will be calculated
change in sign of the ceramic d, coefficient due to a slight variation in using simple averaging relations. These calculations will
the single-crystal electrostrictive anisotropies was discussed. The sin- then be compared with experimental data.
le-crystal and predicted ceramic hydrostatic electrostrictive constants e

%.re found to be equal. Using this result the ceramic hydrostatic 7,
coefficient is always smaller than the single-crystal g. but the ceramic 1I. ELECTROSTRICTIVE CONSTANTS

hydrostatic 3, coefficient can be either larger or smaller than the single- The upper and lower limits of the ceramic elastic con-
crystal d, depending on the dielectric anisotropy I !/,633of the single- stants can oe calculated from single-crystal values using
crystal, the Voigt and Reuss methods of averaging [9]. Voigt de-

termined the stiffness of the ceramic from the space av-
1. INTRODUCTION erage of the stiffnesses of the crystailites, while Reuss

L EAD TITANATE has been extensively used as an e- i found the ceramic compliance from the space averages of
member of ceramic solid solution systems with im- the compliances of the crystallites. Hill [9) showed that

portant piezoelectric properties [1]. One particularly in- both of these models are only approximate and that the
teresting property is the large piezoelectric anisotropy true 'alues should fall between these bounds. in most
d,, d,, ) that has been achieved in modified lead titanate cases. the experimental values do fall between the Voigt

ceramics. but not present in the single crystal. These ma- and Reuss limits. Electrostriction is also a fourth rank ten-
terials are of interest in high-frequency ultrasonic trans- sor ,ith similar matrix to tensor conversion as the elastic
ducers applications [21 constants. and thus the same equations can be used to pre-

Tunk et al [3] showed that this large ceramic piezo- dict the upper and lower limits of the electrostrictive con-
electnc anisotropy could be obtained by averaging the tants.
,ingle-crystal piezoelectric coefficients. They concluded The electrostrictive (Q,) and inverse etectrostrictive
that the small single-crystal dielectric and piezoelectric q,,,) constants relate the strain (x,,) to the polarization
anisotropies of PbTiO, lead to large cerarmic piezoelectric components ( PkP ) by the following relations:
anisotropy Wersing et al. [41, [5] combined Luchani- x = QjmP p,
nov's [6] averaging equations With Devonshire's [71 sin-
gle crystal relations to calculate the ceramic piezoelectric PP, = qjkik_. (2)
coefficients from the single-crystal dielectric permittivi- The tensor to matrix conversions of the electrostrictive
ties, electrostrictive constants and spontaneous polanza- and inverse electrostrictive constants are the same as that
nion. The ceramic d31 coefficient was found to disappear of the elastic compliances and stiffnesses, respectively
tor a oarticular ratio of the electrostrictive coefficients and
a certain degree of polarization [5]. Qkj = Q,,,, when m and n = 1. 2. or 3

The purpose of this study is to further understand the 2Q.. = Q,, when m or n = 4. 5 or 6

Manuscript received received March 25, 1987. accepted August ii. 4Qu = Q,,,. when m and n = 4, 5, or 6 (3)
1987
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number of small signal crystals with all possible onenta- TABLE I
ELEC7ROSTRICTI1VE COSTAN.TS A.'. A~iSOTROPIESO )B 9T.O. A~ ?oT 0,

Lons. By also assuming that the single crystals have a _LE__OT_______________S______OT___S____TO__,_____

cubic structure the following relations result: 10 C, -Q Q_

Q = 35Q, 5 - 2,'5Q .2 1,/5Q,, Q Q Q, Q. Q:

Q12 = 1 5Ql - 4 5Q12 - 1. 0Q-1 BaTiO,
Single-C rystai - " 2 

'  5 85 5

Q 5Q: I - 4 5Q12 3, Q5 (5 Ceramic
Series 151 36 - ) O :5 9 32 4

= 3,'5q, - 2,5q, 2  4/5q, ?araile. 9 34 -00 o 8 66 53 26

Experimental 5 "76' -1 24 0 140' 4 6 11 3
q = 1!/5qj1 

+ 4/Sq 2 - 2/5q Pb~iO,

=I1/Sq - 1/5q12 + 3/5q4 (6) Single-Crystal 8 9d -2 6a 6 75, 3 4 2 6
Ceramic

Senes. (5) 5 65 -0 975 13 25 8 13 6
Equations (5) and (6) are analogous to the quations used Parallel (9) 4 37 -0 335 9 41 13 0 28 1
by Reuss and Voigt for the elastic compliances and stiff- Single-Crystal 8 9" -: o 0 0
iesses. respectively [9]. Since the ceramic is assumed to Ceramic
be isotropic: Series 15) " -0 500 04 4 20

Parailei 9') 28 3 038 3 ,5 - - --.= =2-QO, -Q2))
2Caiculatea from me vontaneou Dotanzation 0 20 C m-, ano oezo

=S :i'eectrc g,, data irom [13]1,,'2(411 - ql)- 'From +141Calculated from 1-)

To use (6) to calculate one of the limits of the ceramic From (8 m
electrostrictive constants, the single crystal inverse elec- 'From [31
trostrictive constants were first determined by inverting From [151

the cubic electrostrictive matrix. These constants were
used in (6) to determine the ceramic inverse electrostric- ramic electrostnctive constants, also listed Ii this table.
tive (q,,) :onstants. which were then inverted back to fall between these upper and lower bouncts. Thus the Voigt
obtain the electrostrictive constants using the following and Reuss type methods of averaging appear to work well
relations: in predicting the limits of the electrostmctive constants in

addition to the elastic constants.
Q = Two sets of calculated upper and lower bounds of the

ti - q)(i "-" 2 12 ) electrostmctive constants of ceramic PbT1O3 are listed in
- -'? u Table 1. The same ,alues of the single crystal Q,1 and Q12

= constants were used in both sets of calculations, but dif-
14, -12) 411(t - 21) ferent Q, values were used. in the first set of PbTiO3

1 2 calculations a Q, of 6.75( 10-2 m-' C-' was used. This
Qa 4 - (9) value was calculated in (3) from experimental values of

E11, d,5, and P, from PbTiOj single crystals. In the second
Equatons (5) anc t9) give ceramic electrostrictive con- set of calculations a Q,, of 2.0( 10-: m" 'C2 ) was used.

.tants corresponding to the series and parallel models, re- This value was calculated in (15) from spontaneous po-
pectively, and will be used to calc_'late the upper and lanzation and strain data for the rhombohedral

tower bounds of the ceramic electrostrictive constants Pb ( Zr0 9Tio )O., composition. In all three sets of data
trom the single-crysta values. Devonshire [7], [10] cal- shown in Table I the magnitudes of the ceramic Q11 and
culated the ceramic electrostnctive constants of BaTiO3  Q1, constants are less than the corresponding single-crys-
using 15). However at that time the single-crystal elec- tal values, but the ceramic Q constants are larger.
trostnctive constants had been overestimated due to the The electrostrctive anisotroptes -Qtj, Q:i and
low values of the spontaneous polarization that were used -Q", Q, increase in BaTiO, and PbTiO 3 ceramics com-
in tfle calculations. rhus the agreement with experimental pared to the ,orrespanding_single crystal anisotropies as
ceramic electrostrictive constants was not very good. shown in Table 1. The -Q,.'Qiz anisotropy increases.
When a more realistic value of the polanzatior, (0.26 even though the Qt1 constant decreases, because of the
C, m at room temperature) was later measured [1 I], Jona greater decrease in the -Q 2 constant. The -Q , Q1: an-
and Shirane [12] recalculated the single-crystal electro- isotropy increases because of both the decrease in -Q,

mtrctive constants aid used (5) to determine the ceramic and increase in Q.1.
Q11 and Q12 values. These calculations were in good The electrostrictive anisotropies of ceramic PbTiO 3 are
agreement with the experimental measurements. larger than those in BaTiO3, because of the differences in

The ceramic electrostrictive constants of BaTiO 3 were single crystal anisotropies. In the second set of PbTiO3
calculated from the single-crystal values using (5) and (9) data the ceramic anisotropies calculated from the parallel
as shown in Table I. The values of the experimenzal ce- model changed sign because Q1 2 became positive. To bet-
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ter understand the effect of the single-crystal anisotropies s.
on the ceramic anisotropy (5) and (9) can be rearranged . SERIES

- -I ar I ,(2kt) -- 4 01
3 0) 0' 41)- _ ooI' €

8
17and 40

aparalel 

4

2 + 3( 1) 4)u(1,/a+ l)+l/a 2) -
0

-. 4 -(1/a- 1) - 21( 1 /a -)(I/or-2) J -, /0,
(11) 7 • -oF ,

where 1
000 025 aSO

= -Q , Q, a = -Q2  Q:1, and = Q . 0-
12) 

(a)

The ratio r is the electrostrictive analogue to Poisson's 7 PARALLEL

ratio i = -s,, s I) The electrostrictive ratios defined by
1 12) are the inV -e of the electrostnctive anisotropies 4.005

listed in Table 1. COa
In Fig. I the ceramic ratio a was plotted versus the sin- 00 C

gle-crystal a ratio for different values of the single-crystal I L 0.2
A ratio using (10) and (l1). Using either the series of par- 08

allel models, the ceramic a ratio decreases (anisotropy in-

creases) as the single-crystal a and ;4 ratios decrease and
increase, respectively The value of the A ratio has less 05 2.5

effect on the ceramic 3 when using the senes model corn- 50

pared to the parallel model. The ceramic a can be either

positive or negative depending on the values of the single-
crystal ratios. A negative value of the ceramic a would be -,0
due to a positive Q 1 . assuming that Q11 is also positive. 000 025' 050

If the ceramic a changes sign because the -Q1. constant ,o

decreased to zero and changed sign. then the ceramic an- Fig i Ceramic 3 ratio plotted versus single-crystal j ratio tor din,
isotropy ( - Q would increase and go to infinity alues of 5ingle-crystal A ratio calculated from a) Senes model .. iz

The ,quare-shaped data points in Fig. 1 represent Ba- 10) and bi Parallel model using iIii Square bhaped data points .-.
and the circular and triangular shaped data points pond to BaT10 3 . circular shaped to first set of PbTiO, data in TableTO. agand tiangular shaped to second set of PbTiO, data.

represent the first and second sets of PbTiOj data in Table
I. respectively As shown in Fig. I the single-crystal ra-
rios of BaTiO, cause the ceramic 3 ratio to be larger than dence of the single-crystal electrosmrctive constants could
that of PbTiO3 resulting in less anisotropy. When using cause the ceramic Q12 to go to zero and change signs as a
the smaller value of the Q, constant, the upper and lower function of temperature. This will be further discusseat
Imits )f the PbTiO, ceramic 3 ratio range from positive later in the paper when the electrostrictive anisotropy is
to negatie %alues. illustrating the possibility of having related to the piezoelectric anisotropy.
,ery large arisotropy and a positve ceramic Q1, constant. An interesting result of this averaging procedure is that

The larger %alue of the Q.,, constant shown in Table I the ceramic hydrostatic electrostrictive constant
should better represent the actual Q44 of PbTiO3 since Q1 + 2Q 1z is equal to the single-crystal Qh when using
this value was determined from measurements on Pb- either t5, or (9), even though the magnitudes of the ce-
TiO, This %alue will be used in calculating the piezo- ramic Q 1 and Q12 coefficients are considerably lower than
electric coefficients later in the paper. When using this the single-crystal values. The experimental ceramic Qh ut
%alue. large ceramic anisotropy still resulted as shown in BaTiOl is 3.3( 10-" m/ C2) from the data in Table I.
Table I The electrostricti-e constants of perovskite fer- which is in fairly good agreement with the bingle-,.rystai
roelectrics have been expenmentally shown to be only and predicted ceramic 1values of 2.3. However, even bet-
slightly temperature dependent. [11], [161 and thus were ter agreement is found with ceramic Q's of 2.1 and
assumed to be independent of temperature throughout this 2.8( 10-- m' , C), which can be calculated from data in
paper However, since the magnitude of the L12 constant [ 181 using the relation Qh = - (d0/ dP)/ 2eo C), w here
of ceramic PbTiOj is small, a slight temperature depen- C is the Cune-Weiss constant and dOidP is the slope ot
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the pressure dependence of tha Curie temperature (6). A 200,
similar result also occurs when using these series and par-
allel models for the elastic constants. The ceramic volume
com pressibility is equal to that of the single crystal - -

III. D IELECTRIC PERM ITTIVITY B0C Ozoi- -

Parallel and series models were also used to calculate 00-ARLE

m e upper and low er lim its of the ceram ic dielectric per- 
4Cm ittivity from the single-crystal values: -

L)400-
parallel = (2/3)E ,, (1/3)E 33  (13) U , _ _ o o_

_X-50 0 300

s e r i e s I / i = ( 2 / 3 ) / e i. + ( 1 / 3 ) / e 3 3 ( 1 4 ) P A R A L L_

ERIESwhere is the ceramic permittivity, and elI and E33 are the - 0 I I f , I
single-crystal permittivities perpendicular and parallel to rEPERATURE *C
the polar axis. respectively (assumed to be equal to the Fig 2 Dielectric 0usce bilivt', plotted versus temverature tor era,"
dielectric susceptibilities). PbTiO, Data ooints are expermentai measurements trom '1r 1

The upper and lower limits of the ceramic permittivity
were plotted versus temperature in Fig. 2 using (13) and
(14) and the phenomenological calculations of the single
crystal permittivities from [8]. Only a slight difference in -.

the upper an lower limits was found, because of the small .06,,-
dielectric anisotropy of single-crystal PbTiO3 The exper- .1 L
imental data (cicular data points) plotted in this figure were C -4

calculated from the piezoelectric d33 and g33 data given in
f19) (and plotted later in this paper) for a ceramic PbTiO3  0 o2l -
sa m p le d o p e d w ith 1 .0 -m o le p e rc e n t M n O ,. T h is e x p e n - ao- .
mental data is in good agreement with the predicted upper - ,300 3 300 600

and lower bounds. Another experimental data point is
anplo te boudsgure. th er ue siste d ataein i Fig 3 Spontaneous polanzauon of PbTiO, plotted oersus temperatureplotted in this figure. This value was listed in a table in Dashed curve is single-crystai polarization calculated tram piterome
"91 for the same composition measured at room temper- nological theory in [81 Solid curves represent approxinaions o) uoper
ature. The predicted upper and lower l'mits of the ceramic , = ) 5 P) and lower 0 Z7- Pt limits ot ceramic polanzation Data

dielectric permittivity at 25 °C are 105 and 96 5. These point is from [221

values were calculated from the single-crystal E I and Ell~
'alues of 124.4 and 66.6 from [8]. through 1800 then P = 0.SP This result will be assumed

to be the upper limit of ceramic polarization.
IV SPONTANEOUS POLARIZATION The upper and lower limits of the spontaneous polar-

There are six possible directions for the polar axis in a ization of ceramic PbTiO 3 are plotted in Fig. 3 along with
tetragonal structure such as that of PbTiO 3. If an applied the single-crystal polarization. Carl [22] found that the
electric field causes all of the domains in a ceramic to polarization of ceramic PbTiO 3 was approximately 0.3
align along the closest of these directions to the field, then Ci m: at room temperature. This value falls between the
the polarization of the ceramic (P) will be: P = 0.831 P, calculated limits at 25°C of 0.21 and 0.38 C, m' as showrt
where P is the single-crystal polarization [20]. This gives in Fig. 3.
the upper limit of the ceramic poiarization by assuming V PIEZOELECTRIC COEFFICIENTS
that 1 6 of the domains did not require switching, 1 6.,witched through 180'. and 2,13 through 90' [211. How- Tepeolcrcvlae~)adcag d, ofi
ever. Carl [22] found that, in dense PbTiO 3  ceramics cients of a single-crystal of PbTiO, are related to the etec-
doped with small amounts of lanthanum ,and manganese, trostrictive constants, dielectric permittivtties, and spon-
the 180' domain alignment was virtually perfect, but only taneous polarization as follows:
about ten percent of the dom ain s sw itched by 90 ' By 2Q1 P 3, 3-QiP , ?Q . -2 Q .P P3  15 )
assuming that no 90* domain )witching occurs and that
only 1:6 of the domains realign through 1800, P d 3= e 3Q, P3, dil = 2Eo% Q.P ,

1 3)10 831 )P = 0.277 P This will be assumed to be
the lower limit of the ceramic polarization. If 900 domain J5 E)~Q43 6
alignment does not occur, then the 2 /3 of the domains These equations are based on the approximation that the
that would ideally switch through 90' will instead possi- dielectric susceptibilities 7t, and 73 are equal to the di-
bly switch through 1800 If all of these domains switch electric permittivities El, and 33.
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Equations 15) and (16) are single-crystal relations and electric anisotropy from the single-cryst l electrosrnctive
should probably not be used for ceramics. However, these anisotropies. From Table II, experimentally -g 31 /g3 =

equations can be used to determine the upper and lower 0 11 for ceramic PbTiO-. This value falls between the
limits of the ceramic piezoelectric coefficients from the predicted ceramic -Qzl Qt1 bounds of 0.077 and 0 17
limits of the ceramic electrostrictive constants, dielectric plotted in Fig. 1 listed in Table I as -Q,1, Q,2 ) How-
permittiviries. and spontaneous polarization. For exam- ever. the experimental -?31/ g33 of BaTiO 3 has a value
pie: of 0 41 -, which does not fall between the predicted ce-

_ = ramic -Q 2 iQ, bounds of 0.19 and 0 31 (see Table [)
- g3 3 = -. I.IP 3 , 17) Equation (19) was based on the assumption that the

where U and L refer to the upper and lower limits as de- boundary conditions are the same for the g3 3 and g3, coef-
fined in the previous sections. Similar equations were used ficients. Howe ,er, the boundary conditions mignt not be
to -alculate the ceramic limits for the other piezoelectric the same, and thus the following relations should proba-
constants. Since there was very little difference between bly be used to calculate the bounds of the piezoelec..,c
the upper and lower limits of the ceramic PbTiO 3 dielec- anisotropies:
ric permittivity (see Fig. 2). the average of the series and C U -L 2

parallel models were used in the calculations of the pi- (33, g31  = 7 3, g3, = (d33 /d 3 )L 3= 1
ezoelectric d., constants. However, for a material such as L
BaTiO, with a large dielectric anisotropy. the limits of the
dielectric permittivity should also be accounted for. (93Y -L -(331 33 3

Using this procedure the upper and lower limits of the
piezoelectric coefficients were calculated and plotted ver- 12. Qf. 21)
sus temperature in Fig. 4 The single-crystal coefficients Since for a particular domain configuration in a ceramic
are also plotted in this figure for comparison along with the polarization P3 and dielectric permttivity e33 are the
experimental ceramic data. The values of the piezoelec- same in the d33 and d31 relations, they were assumed to
tric coefficients at 25'C are listed in Table II. The circular cancel out of (20) and (21). The electrostnctive
'ata peints shown in Figs. 4(a, and (d) were measured in asotropies Q Q , and Q 1 ,'Q: result n wider lmits

[191 on ceramic PbTiO doped with 1 0-mole-percent than those plotted in Fig. 1, and can be calculated from
MnO, This data falls between the predicted upper and relations similar to (10) and (11). Using _20) and (21 ) the
lower limits with similar temperature dependences as the experimental value of -g 31/ g 33 of BaTiO 10 41) tails
clculated curves. The diamond shaped data points shown between the predicted -Q, , QI limits of 0 11 and 0 52
in Figs. 4 a). (b). (d). and (e) are also from [191 for the rcalculated using the values from Table 1)
same composition. The corresponding experimental di- From (20) and 21) the upper and lower limits or the
electric data was previously shown in Fig 2 The exper- ceramic piezoelectric anisotropy only depend on the elec-
mental , and d, coefficients also fall between the upper trostrictive anisotropy and are independent of the dielec-

and lower limits. The square shaped data points shown in trc properties. However. from piezoelectric a eraging
Figs 4i ci and (f are from [24] for ceramic PbTiO, doped equations Tunk er al. [31 concluded that the low dielectric
k .ith 1 0- and 2 5-mole-percent MnO, and LaO 3 :, re- anisotropy of single-crystal PbTiO 3 contributed to the
,pectively The experimental g, coefficient of this com- large ceramic piezoelectric anisotropy. Using Wersing'
position falls between the limits, but the d15 coefficient [41. [51 approach of combining Luchaninov's [61 aver-
was greter than the upper limit because of a larger di- aging equations with single-crystal relations ( 16 and then
electric permittivity i l"0) than that predicted. The differ- solving for the anisotropy, results ,n the following rela-
ence between the ceramic and single-crystal values of the tion.
?1 and d15 coefficients is smaller than that of the other
coefficients, because the ceramic Q. constant is larger 2Q11  EIQ_
than the -ingle-crystal value. 1 ' - l)Qj eiQi2

From 15) and 16) the piezoelectric anisotropy of a I, , Q1 ! -
,ingle-crystal is found to be equal to the electrosictive Q "e- Qi 1 - 6
anisotropy as

3 gq.,3 = dj d1 = Q1,Q. = -Q 1 a 18) where S=(cos ') (cos0 ). and 0 is the angle between
the direction of the spontaneous polanza-ion of a zr-N stal-

This single-crystal relation can be used to approximate the lite and the direction of the poling field. Equation i22)
upper and lower limits of the ceramic piezoelectric an- indicates that if the -ingle-crystal dielectric anisotropy
isotropy from the ceramic electrostnctie anisotropy by It3 ) decreases, the ceramic piezoelectric anisotropy
assuming that will increase. IfS = 3 5 and 6, 33 = I, then the right

U = U L side of 123) reduces to the electrostrictive series model
(g33, 931 ) 1 = - (933/ 9 )t  L 01 1 19 ) (10) that gave the upper limit of the a ratio and the lower

Equations ( 10) and (11) and Fig. I can then be used to limit of the ceramic electrostrctive anisotropy This in-
predict the upper and lower bounds of the ceramic piezo- dJi.ates that Luchaninov's [61 averaging equations may
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,alue of ceramic Qi is close to zero. the sign of Qi2 could BaTiO, are in fairly good agreement. Thus it the single-
easily change from a slight variation in the single-crystal crystal and ceramic Qh's are assumed to be equal, then
anisotropies This could also cause the d31 coefficient to from (24) the ratio of the ceramic gn divided by the single-
change -igns. and result in an infinite piezoelectric an- crystal gh only depends on the ratio of the ceramic polar-
isotropy when d31 goes to zero. ization divided by the single-crystal polarization. Since

The single-crystal electrostrictive anisotropies of Pb- the polarization of a ceramic is always lower than that of
TiO, can be vaned by changing the composition and. or the single-cnstal, the value of the ceramic ,. should be
temperature When some of the titanium in PbTiO 3 is sub- lower than the gh of the single-crystal. Expenmentally.
stituted with zirconium to form PZT. the single-crystal this is found in both PbTiO3 and BaTiOl.
-Ql_, Q1i ratio increases, while the -Q, 2 /Q ratio de- The ratio of d coefficients would depend on the ratio
creases. This causes the ceramic -Q 1Q1 and -d 31 /d 33  of the ceramic i 33 divided oy the single-crystal E33, in ad-
ratios to increase (see Fig. 1), which results in less an- dition to the degree of poling. For a material such as
isotropy Zorn et al. [17] experimentally found that PbTiO 3 with a small dielectric anisotropy, the value of
-Q,,'Qll - 0.5 and -Q=/Q - 0.3 for the the ceramic dh should be lower than the dh of the single-
Pb0 43Sr0 ,Bao 05 (Zr 0 6Tio 3gNb 0 02) 0, composition which crystal. Experimentally, PbTiO 3 has a dh, dh ratio ot 0 46
is close to the morphotropic boundary. These values However, 125) predicts that a material with a large di-
would result in a ceramic piezoelectric anisotropy electric anisotropy .'3 ) such as BaTiO. could have a
* -& d 1  of 2 using either the series of parallel models. larger ceramic d than the corresponding singie-cr stal d.
which is in good agreement with the measured piezoelec- Experimentally. BaTiO. has a ceramic d. 'alue of ap-
tric anisotropies []. proximately twice the single-crystal value [25] These re-

Doping PbTiO 3 with other elements, such as samanrum suIts may be important in the design of materials for hy-
or calcium, was shown to increase the anisotropy [2]. drostati% transducer applications, such as when a
(26] Large piezoelectric anisotropies have also been piezoelectric powder is dispersed in a polymer [281. The
found for the Pb ( Zr) 95( Mn, 3Nb2 , 3 )o 05)03 composition properties of this type of composite will depend on the
[2"1 This suggests that the single-crystal electrostrictive composition of the powder used and whether the powder
ratios in the PZT system change in such a way as to cause is composed of single-domain or muitidomain particles.
the anisotropy to increase when moving from the morpho- V
tropic boundary towards PbZrO,. as occurs when going
the other way to PbTiO 3  The upper and lower limits of the electrostrictive con-

From (15) and 116) the h.idrostauc piezoelectric voltage stants. dielectric permittivity, spontaneous polarization.
_ , = 933 - 2g3i ) and strain (d = d13 - 2dr1 ) coeffi- and piezoelectric coefficients " :e calculated for ceramic

cients of a single-crystal can be calculated from PbTiO, from theoretical single- .rystai constants. The ce-

2PQh. dh = 2fEOPIQh. (23) ramic was assumed to be composed of a large number of
small single-crystals with all possible orientations. The

These single-crystal relations can also be used to predict ceramic properties were calculated from the space aver
rhe upper and lower bounds of the ceramic hydrostatic ages of the single crystal constants, assuming that ontl,
piezoelectric coefficients. By dividing the resulting equa- 180' domain switching occurs. The experimental ceramic
rions For the ceramic bounds by the single-cnstal equa- data was shown to be within the predicted upper and lower
,ions. and again realizing that for a particular domain con- limits. Additional comparisons have been made between
'iguration in a ceramic the polanzation PT3 and dielectric the theoretical predictions and low-temperature dielectrc
permittivity ; are the same in the d33 and d 1 equations, and piezoelectrc measurements on samarium-doped lead
the following relations are obtained: titanate ceramics [29].

The series and parallel equations used to calculate the
P= P Qh - =h T3 Q (24) upper and lower limits were used to derive relations that

, P Qh' ?h P Qh showed how the ceramic electrostrictive anisotropy
j - I ' L  L -11 2j 5) Q1, Q2 ) depends on the single-crystal electrostrctive

25. - - 5)anisotropies ( Qi, Q12 and Q4.1/ Q12). These relations can
dh 13 P% Qh' dh 3 P Qh be used for any fourth-rank tensor with similar tensor to

Due to possibilitv ofhaving different boundary conditions matrix conversion, such as the elastic constants. The ce-
'c-r'he Q, and Q,. onstants. the limits of the hydrostatic ramic piezoelectric anisotropy ( ;., d,) was also shown
electrostrctie constant should be calculated from to be related to the ceramic electrostrictive anisotropy

L = QL I I" Q = I , (26) PbTiz0 was shown to have a large piezoelectric anisot-
ropy. because of the large electrostrictive anisotropy that

However. if the boundary conditions of Q11and Q12 are was due to the small magnitude of the ceramic Q12 con-
ihe same, then the upper and lower limits of Qw would be stant. Since the value the ceramic Qiz is close to zero, the
equal to the single-crystal Q, (as described in Section II). sign of Q1z could easily change from a siignt variation M
These values of the single-crystal and ceramic Q,'s of the single-,.rystal anisotropies due r, a temperature de-
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Ferroelectric Properties of Tungsten Bronze Morphotropic
Phase Boundary Systems
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Tungsten bronze ferroelectrics which have a morphotropic pnotropic pnase boundary .MPB) ssstems On a Dinary pnase
phase boundary iMPB) can have a number of enhanced di- diagram, an MPB appears as a nearly verical line separating two
electric, piezoelectric. and electrooptic properties compared distinct ferroelectmc phases. This phase boundary generally occurs
to more conventional ferroelectric materials. The structural at a nearly constant composition over a wide temperature range up
and ferroelectric properties of several MPB bronze systems to the ferroelectric phase transition temperature. T,, an example
are presented, including data from sintered and hot-pressed is shown in Fig. I for the bronze MPB system, Pb,_,Ba, Nb:0 6
ceramics, epitaxial thin films, and bulk single crystals. In- (PBN). which possesses both orthorhomoi and tecragonal struc-
cluded among these are three systems which had not been tures near x = 0.37 " Poled ceramics or single crystals of such
previously identified as morphotropic. The potential advan- MPB ferroelectrics can show an enhancement of numerous physi-
tages and limitations of these MPB systems are discussed, cal properties because of the proximity in free energy of an alter-
along with considerations of the appropriate growth methods nate ferroelecinc structure, detailed descnptions of MPB behavior
for their possible utilization in optical, piezoelectric, or pyro- can be found in the work by Jaffe et al.5
electric device applications. [Key words: ferroelectrics, tung- Crystal compositions in other ferroelectnc families can also
sten bronze, phases, electronic properties, phase boundary.] possess MPB regions, with perhaps the best known of these

being Nrovskite PZT and PLZT' However, compositions in he
tungsten bronze family have a number of potential advantages
over the perovskites, particularly for optical device applications.
These include a larger ensemble of nonzero quadratic electrooptic

T HE search for increased electrooptic. pyroelectric. and , coefficients (g., g92. ,3 g13. g 6,6 compared to g,. g,. ,.
piezoelctrtc effects in the tungsten bronze ferroelectric crys- .n perovskites) arising from a lower prototype symmetry ttetrago-

a. 'amilb, nas stimulated interest in a number of potential mor- nal 4 /mmm in the high-temperature paraeiectrtc Phase. a anique
4-fold symmetry axis dno tetragonal twinning), and an open struc-
ture which can accommodate a wide range of ions in several

'I susnpt No 99273 Received Max I 1988. appeoved July 27. 1988 crystallographic sites.
). poric v Deiense Advanced Research Prolecis Agency and office of Figure 2 shows the terragonal tungsten bronze prototype structure

sarcn ,ontracis and by Roell Ineritional Internal Research and projected onto the (001) plane. " Ferroclecmic compositions of

""tenAr mencan Ceramic Society the tungsten bronze type can be represented by the chemical for-
mulas (A,),(A2)lC,B,oOo and (A,),(A,):l30Oo in which A, A.,
C, and B are the 15-. 12-, 9-. and 6fold coordinated oxygen oc-
tahedra sites in the crystal structure, with the A sites occupied by

, Ba, Sr. Ca. Pb. K, or Na, and the B sites occupied by either Nb
P1 Sa,Nb205 or Ta. The first formula represents the so-called "stuffed" bronze

*oo1 structure, in that all of the A. B. and C sites are occupied ie g..
K)Li.NbsO,,) The second formula represents bronzes which are
either "filled" (all A sites occupied) or 'partially filled" 0/s of the

SMORPHOTROPIC PMASE BOUNDARY A sites occupied). the latter being characteristic of ferroelectinc
- o bronze niobates such as Sr,.,Ba, Nb.O, tSBN) The tungsten

bronze structure is found over a wide range of the partially filled
rmobates. although the end composiuons for A = Sr. Ba. or Ca are

TUNGSTEN BRONZE not of the tungsten bronze type The introduction of K and Na on
TUNGSTEN BRONZE TETRAGONAL ihe A sites results in a filled ironze .uructure (e g .lead potassium

- ORTHORHOMBIC 4MM niobate (PK-N)) and thereby enhances the structural stability
Z 200- MM2 m) me i
- ' =Tungsten bronze solid solutions can be obtained with either

-~ 1 ' etragonal (4mm) symmetry in the ferroelectric phase or ortho-

, ~ -. ,,rhombic (mm2) symmetry, which can be both "erroeiectric and
0- l fenroclasuic. Tecragonal bronzes such as Sro,lBaq,,',b,O, (SBN 60)

have spontaneous polarization only along the c axis (001) and
0 20 40 60o generally have large transverse properties at room temperature.

MOLE % B including the c-axis dielectric constant. 43. the linear electrocptic
coefficient, r,). the piezoclecmc coefficient, d,3, and the electro-

FIg. I. Phase diagram for the Pb,.,8a,Nb.O,, PBN) morphotropic mechanical coupling, k,, "' Such is not always the case. how-
.,,eni Points indcate several bulk crystal composicions iRefs 3 and 4) ever. as has been shown by tetragonal Ba2 .,Sr, K,. Na. Nb,O,,

.02
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Fig 2. Tetragonal prototypic stnucture
'e :ungsten bronze :anice projected
,,'J 31i iane A2  C

BSKNN). ' which can show large longitudinal properties such .stals is also large, n the range of '0 ,C,'cm: at room tern-
as E... r,,. d,5, etc. perature based on recent measarements

Bronze compositions having an orthorhombic symmetry in the The large spontaneous polanzauon and large dielectc constants
rerroetectric pnase can have spontaneous polarization along the c aailable ,n morphotropic PBN are especially significant 'or op-
axis. with generally very weak orthorhombic distortion of a and tical applications. From the phenomenology for oxide ferroelec
b (e g., SrtNaNbO,5), or else have spontaneous polarization tries. ,) the linear electrooptic effect may be considered a quadratic
aiong either of the orthorhombic a or b axes which are rotated effect biased by the nonzero spontaneous polanzation in the ferro-
45' relative to the high-temperature prototypic axes (e g . electrc phase. In the case of etr-agonaj tungsten bronzes, the linear
PbNb:O) The better-known orthorhombic bronzes such as clectrooptic coefficients, r, . are given by relations of the form '8
Pb,. ,a,NbO ' generally show stronger longitudinal proper-
ties although again some exceptions may be found. r3 = 2g13 PPE3 33 E

The availability of bronze structures with either orthorhombic r) : 2g3PI 33
or *etragonal point group symmetry in the ferroelectric phPe,
coupled with the possibility for several space group symm, :ies, r5 = = =gM.,PIE.% II)
naturaily suggests the potential for binary. ternary, or quaternary viiere P3 is the c-axis polarization and the g,, are the quadratic
,oiid 5liutions containing MPB regions. However, although numer- etectrooptic coetficients. the latter being taken as largei. inde-
Ju bronze solid solutions have been investigated during the past pendent of temperature with values roughlv the same as hose in
e~erai decades, only a few MPB systems have been discovered, the high-temperature paraclectric phase "'Similar relations also
In 'ni paper. we will discuss the properties for several MPB apply for the piezoelectric d, coefficients, with the quadratic g
nronze terroelectrics that we have examined, and additionially, coetficients being replaced by Qu, electrostnction constants
, . hi other tungsten bronze .stems which ay possess MPB The relation for r, in Eq. kt) is of particular interest in tnat for
reion whictn hitherto have not been idenufied. tetragonal compositions near the MPB, but far from the ferroelec

t-ic transition temperature. both P3 and ell can be large and nearly
11. Lead-Containing Morphotropic Bronzes independent of temperature. In the case of single-crystal PBN 60.

r i is now estimated at greater than 2000 x 10- ' m/V at room
1) The PBN System temperature. many times greater than the values for the best non-

The lead barium niobate iPBN) solid solution is arguably the morphotropic tetragonal bronzes such as SBN .60 " Similarly, the
most studied and developed MPB system in the tungsten bronze piezoelectric d,5 coefficient is also enhanced by the proximity of
amiy In addition to sintered ceramics. PBN has also been de- the MPB in PBN 60. with a value of roughly 260 x 10" " C,'N
,ecoed in the form of hot-pressed. grain-onriented ceramics'""' For orthorhombic k'nm2) compositions near an MPB A-ith the

and as ulk single crystals using the Czochralski growth method.' polar axis along a lor bi, the equivalent relations are given by
The atter have been especially useful for determining the direc-
:%cnalv dependent ferroelectnic properties in this system, reveal- r = 2t P E,,
,nz :ne unusual behavior which can occur for compositions near
:Me "norpnotropic boundary = 2g':PEE,

The PBN olid solution is based on the binary system ( I = E,,P )
Pb\b k,-eBaNb:. as hown in Fieg I The MPB between or-
nornombic (,nm2) and tetragonai t4min) symmetries occurs at P E,,i.)

= ) w( a minimum Cure point of approximately 270'C
:or uk single crystals, discussion of the crystal growth proce- In this :ase, P, and t,, can be large )o that large and .,earl,

ure may be found in the work by Shrout et al.)' The crossover temperature-independent values ot , and r,i may be anticipated
cetvveen tme Curie temperatures 9, and 03 as one moves the com- - limiting factor in the development of PBN single crystals to
position through the MPB region leads to very large dielectmc the high volatility of PbO at the temperatures required for crystal
and piezoelectric constants at room temperature, in spite of the growth k1340* to 1400'C) Although it has been possible to grow
high terroelectmc transition temperature.' " For example, near- PBN bulk single crystals of up to several mrllimeters cross section
morphotropic tetragonal Pb0 ,Ba0 ,NbO 6 kPBN.60) has single- using the Czochralski method, the rapid loss of PbO from the
crystal dielectric constants of Eli = 1900 along the a axis and melt leads to a considerable loss of stoichiometry and homoge-
t) = 500 along the c axis. " Spontaneous polarization in poled neity with resulting crystal fracture problems. Hence, the present
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10000 i improved ganbudries and the potential for .eryv large OItelec-
PBUN (60/6) 4 tric constants as a consequence of me uostantiai dIecrease nth

~0O~h /phase transition temperature
3000 An example of the dielectric ;)ropertes for -to-pressed PBL.N

curamics developed in our own work howin 'F! 3 *or 'hec
< PBLN(60/6) composition Ceramic preoaration mnv oved :a!-

7 £,cining mhe proportioned oxide powdcers at -80' to MOrC 'or 10 -o
1 2 hn ball-milling in acetone for 12 to 2:0 n and 'hen cold-

4OOO~ / / ressing the dried mixture into peilets orior to iniaxial rioc-
/00 pressing in an oxygen atmosphere Since PBL% is deisifed b,.

- liquid-phase siniering due to the presence ot PbO. an excess of
3 PbO powder is required in the starting mixture to effect optimum

densification and to minimize Pb*' deficiency in the ceramic
WVhereas our initial work on unmodified PBIN 60 and PBN 70

0_______________________ ceramics showed an optimum PbO e-ccess of 6 moI%~ 'or t~pical
-200 0 200 400 grwt temoeratures of 1240* to 1280'C, mis reduced to ouviv~

TEMPEATU- rni ol%7 in La-modified material This result s consistent -vith

Re 3 Di~ecc cnstnt t 0k~zverus erneraure'orsotpresed our earlier observations of reduced PbO losses during ritering
~-'icPBLN'6O;0) ;or directions paralle! and perpendicular to tn for tungesten bronze Pb,__,K,La,N'4nO ceramics cOopared to
--''t irection after oing at 15 'KV 'cm The Jasned line rndicates a other Pb-containing matls.'

tc'-r'aiv ;evoied condition The dielectric data for PBL.N(60; 6i snown P. F,2 3, -ere ob-
tained on ceramic material hot-pressed at 12600(f for 3 h at a
paressure of 3000 psi The Curie point. T,. declines to l20'C as a
result of La modification. accompanied by a considerable broad-

,---Nstals are considered to Die of limited utility for many device ening of the phase transition region compared to unmodified
aplications. particularly optical. PBN 60. As a result, the room- temperature dielectric constant

An alternative to the bulk crystal growtn of PBN is hot-pressed for a measuring Field perpendicular to the pressing axis is 4400
c tramic densification. with the advantazes of lower growth tern- after poling, the latter being accomplished by cooling from T.
peratues shorter exposures to elevated 'temperatures, and better with a dc Field of 15 kV/cm applied to the samnole
:ontrol of !he surrounding environment Pioneering work on hot- The dielectric anisotropy between the directions perpendicular
pressed PBN ceramics was performed by Yokosuka 4 and Nagaca and parallel to the pressing axis arises from the p)referential orien-
,fr 71 ' "' on lanhanum-modified PBN compositions to permit the tacion of ine needle-shaped c-axis grains in mne plane normal to
develooment ot transparent ceramics in much the same fashion as the pressure axis." " The degree of grain orientation. vnicn ap-
anthanum -modified perovskite PZT (PLZT) These Lai modifica- pears to be only slight in Fig. 3 because of the proximity of the
ons iake the form (Pb, -,Ba,), i~La, Nb, 6 (P13LN(lI - r/v), W13, is in fact nearly complete based on microscopic and X-ray

,ith the advantages of good optical transparency resulting from evaluations. Figure 4 shows the relative strengths of the X-ra,,
diffraction lines taken from ceranruc PBLN(60/6) samples with face
normals parallel and perpendicular to the pressing axis, .vuth the
fortrer showing the virnial absence of hk I and hik2 refections The

'p0calculated lattica constants are a. b 1 2543 rm, 1 3924 nim
410 330 PSLN 160181 compared to a, b = 1 2576 nim. c =) 3978 nim for unmodified

PARALLEL P3N .60. The transoarency of these hot-pressed ceramics is gen-

-420 FACE erally very good. although polished samples snow a mild yellow
coloration due to a gradual transmission roll-off for wavelengths
below 600 nim. However, in the riear-IR region. Nagata and

320 Okazaki" 6' have reported bulk optical transmission approaching
5 30 550 971o in hot-pressed PBLIN

I 630

- I 620
400 520

600 14001
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Fig 4 Relative X-ray diffraction tine )irceghs for 110-pressed Fig. 5. X-ray pattern foi 4 sputtered PBN 60 film on j UCLM-orienied
DBLN16i with face rinrmals pdrallel and perptindicular to the prcssing SBN 60 subsirzic. Growth was peifrfuied in 1 50 50 kr/0, atmosphere
jorcion Noie the absence of hk I and hk2 reilectiions in the upper flgure, at 600*C. postgrowih annealing was not necessary Pattern shows domni-

-1 rff-~fii 9,3in netao nani substrate lines due to the relitivelv thin Film mtnkKness i2000 rmi
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MOLE % 8141 Fig. 7. Dielectric constant of ceramic (I - r)PKN-rBNN at T, and a(
room temperature. F = 10 ki-z. Note the dramic changee in tue propertesFig. 6. Ferroelctric phase transition temperature (Curie point). T_. and near the MPB at x = 0 25

Curie temperature. 0. as a function of composition for ceramic iI-
PbKNb1O ,-XBaNaNb,O,,

potentially !arge dielectric and p~ezoelcctnc constants and large
The difficulties encountered in the Czochralski growth of single- spontaneous oolarization available in this material. :' 2 The ortno-

crystal PBN4 have also led to the exploration of epitaxial thin rhombic structure of ?KN (a = '.7835 rim. b = 17944 rim, and
films. Liquid-phase epitaxial growth of PBN has been frustrated e=0 3938 run) makes it particularly suitable for combination A ith
thus far by the lack of a suitable flux (solvent) permitting single- tetragonal or pseudotetragonal bronzes such as Ba2NaNb,O,'
phase growths below I 100'C to minimize PbO volatilization. How- to attempt aa .'IPB condition.
ever, the rapid emergence of ferroelectrc oxide films grown by rf We have investigated the binary join (I - x)PK.N-x.BNN using

magntro sputeng"~has led to encouraging initial rslstr ceramic compositions sintered at 1200* to 1380'C. " Figure 6
MBN Figure 5 shows ,he X-ray pattemn for a sputtered PBN 60 shows the behavior ot the ferroelectric phase trsion'pr-

-nin film- grw nat0)oetdSN 6 usrt tb0Cure. T,. -and the Curie temperature. 9. as a ,unction of :ompost-
The fium crystallinity and orientation are excellent, in part be- tion. with 0 determined from the Curie-\Veiss dielectric z~enavior
c:ause of the good lattice match to the underlying SBN-60 sub- in the paraelectric phase given by
strote (a. b = 1.2467 nm. c = 0.3937 rim). Compositional control E= C,, (T - 9) (3)
i3 also very good. based on the close agreement between the film Both T, and 0 attain a sharp minimum of ZSO'C at a 2_5 moic
!attice constants and those of the ceramic PBN target. We have BINN composition. similar to the behavior found in PBN (Fig. LI
also pertormed sputtered growths on glass and quartz substrates. The PKN side of the phase diagram shows a virtually )econd-
although in these cases the films have been polycrystalline with order phase Lransition (T, 9 ). changing to first-order iT, > 0)
no preferred orientation for r > 0 25 As a result, the value of the dielectric constant at

It apears that sputtered thin film growth fmy be a highly viable sh ~own in Fig 7, rapidly declines for compositions be 'ond
mnethod for growing stoichiometrc. homogeneous PBN and PBLN 0 25 On the other hand, the dielectric constant at: room
films H( up to several micrometers thickness for optical. surface temperature peaks harply at the MPB due to the decline of T_.
icoustic .ave 'SAW), and pyroelectric applications, particularly Collowed b% the change to a first-order transition with a decreasing
Akhen -rown on ciosely lattice matched substrates PBN thin Cuane constant. C_. as shown in Fig. 8 It snould be cautioned that
;ims zrown )n SBN 60 substrates could ultimately prove valu- ihese dielectric data necessarily average over all crystailographic

.10le In several optical device concepts since (1) PBN 60 has a directions because of the random orientation of the ceramic
uibstantiall, larger linear clectrooptic coefficient than SBN (30. crains. Ho~tever. as a consequence. they also indicate the profound
id 2' :1here is a !arge difference in their refractive indices 12 -54 2ifect of the NIPB on both tnc polar and nonpolar properties

,,r OBN 60 .s 2 29 or SBN 60) making such irtuctures .ittrac- The rnorpnotro~ic: toundarv between the oilhornombic and
.c '.-r optical wavezuides This zro%%th method xould appear to p-5eudotetragonal phases in PK.N-BNN s indicated ov hre aorupt

"~e a-:propriti for t(her olatiie Pb-curtaining or non-Pb bronze Iaun~e in inc b, and , uttice .onstants determined by Powder
!rrocectrics as well X-ray diffraction analysts, as shown in F~e 9 Particular intcr-

12) The PKN-BNN System esting is the- fact that although both end members are orthorhom-
bic. an abrupt phase boundiary occurs because of the differingThe diversity of ferroelectric solid solutions available within orientations ot the polar vector torthogonal to c for PKIN. parallel

the tungsten bronz: structural family presents the possibility for to c for BNN)
other morphotropic systems based on the binary combination of
end members such as PbNbO, PNM. PbKNbO,, (PKN'). (3) The PKNV-SNN System
Sr,,NaNb,O., (SNN). Ba1NaNbO,, (BNN). etc Solid solutions We have also investigated su'iered cerucs in the binary iystem
based on PbKNb,O.i are particularl% attractive because of the I - xjPKN-xSNN. 1 Figure 10 shows the behavior of T, and 0
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discontinuity in the b and c parameters at mre 0 75PKN-0 2SBNN mot.

in this system, with a broad minimum in nT. 155T) occurrne tr
PXN 20 40 fl) so 8NN 0 70 :5 r 0 75 However. the lattice parameters iFig 11) '40

MOLE % SNO not show any abrupt change near r = 0.75. but instead a broad
region where thle a and b~ constants become nearly indistinguishable

Fig. S. Curie-Weiss con~tant for the sy, tcm ti- tVPKN-xBNN It may be that the MPB3 region, if any, is quite broad in this case.
The anomalous behavior riear ine 'YIPB at x = -5itas also bee mak~ng lattice parameter evaluation more difficult. In all other
u=d in other ceramic M tOB systems iRef :3)
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respects. however, this system displays the behavior expected for
an MPB system, including abrupt changes in the dielectric prop- temperature constant in the range 0 o < x < 0.7, Beyond this
erties near x = 0.75. as shown in Fig. 12. The growth of bulk range up to pure SNN. the room-temperature dielectric constant
single crystals would be particularly helpful in clarifying the then rises to nearly 2000 as a result of a broad, low-level peak
presence or absence of an MPB region in PKN-SNN. although centered at roughly -50°C in ceramic SNN. This same peak ha:
this is a difficult system for crystal growth because of the growth also been observed in SNN c-axis crvstals.' 6 although its origin
difficulties inherent in both end members., has not been identified.

[II. Lead-Free Morphotropic Bronzes

(1) The BNN-SNN System 3l

The bronze system (I - rBNN-xSNN is attractive from the
standpoint of bulk single-crystal growth because it does not con- (I.X) 8NN - IX) SNN
tain lead, and it was initially studied by Bell Laboratories as a part
of the original work on BNN "' Although both end members are Cc
weakly orthorhombic, they possess different space group sym- Tr -9'

metmes (Ccm2, for BNN. Bbm2 for SNN)} 9- and therefore the (T > 0)

potential for MPB bthavior in a binary system. To this end, we IS
investigated the structural and dielectric properties of BNN-SNN 2 -
using sintered ccramics, with particular care giver, ' i obtaining
optimum sintering conditions for each composition: these ranged
from 1380'C for pure BNN to 1280*C for SN'N with sintering
times of 2 to 4 h. <

Figure 13 stows the variation of T, and 8 with composition Z0
as determined from dielectric measurements on these ceramics.

An interesting feature is that the phase transition remains first- I
order (T, > 8) over the entire compositional range. A sharp mini- D
mum occurs for T, at r = 0 60 (T, = 170*C). whereas 0 varies
only slightly in this same region. The Curie constant also increases
abruptly at this point, as shown in Fig. 14. this change. coupled
with the decrease between F, and 8 for c > 0.60. leads to a ara-
matic increase it, 'he dielectric constant at the phase transition
temperature. as shown in Fig 15.

The dielectric constant at room temperature for ceramic BNN-

SNN compositions. also shown in Fig. 15. rises monotonically I___ _from a value of 100 for BNN tv = 0) largely as a consequence of NN 20 40 60 80 $NN
the decreasing phase transition temperature. However. near MOLE % SNN
r = 0.6, there is an abrupt jump in the room-temperature con-
stant due. in part, to the discontinuity in the Curie constant. Less Fig. 14. Curie constant. C.. as a function of composition for ceram,.
obvious. 'hough. is the cause for the rapid decline of the room- (I - x)BNN-cSNN.
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T,e lattice parameters for the BNN-SNN system are shown in
Fg 16 Two independent pseudotetragonal phases appear on either Fig. 16. Lattice parameters for the BNI,-SNN system
side of the x = 0.6 region, a feature reflected by the abrupt dis-
conunutty of the Curie constant (Fig. 14). Hence. from these data
1t appears that the BNN-SNN system may have an MPB near the system~omositin Ba ,S, 2N~bO 5, ometing hic hadnoteeenBaNb 20 6-SrNb 2O-KNbO,-NaNbO, shown in Fig. 17.
,:ommsion Bao Sri :NaNbO,,, something which had not been Our work on BSKNN was spurred by the initial research of Yuhuan
: rcvlously Suggested. and Cross3' and has focused on the join between BSKNN-i
,2) The BSKVN System (Ba, Sr 0jK,,Na~z5Nb5O ) and BSNN-4. the latter occumng on

nother .,nportant non-Pb-containing bronze ferroelectric is the Sr-nch end of the orthorhombic BNN-SNN binary system,
3aSrK,_,Na,Nb,0,3 kBSKNN), which exists in the quaternary BSKNN-1 is a "filled" tetragonal t4 mm) tungsten bronze which

exists on the pseudobinary join SBN:40-KNN:75 (Fig. 17) with
lattice constants ab = 1.2506 anm, = 0 3982 am. and a phase
transition temperature of 203* to 208C. This composition was

BaNb 20 6  the first in the BSKNN system to be successfully grown as good-
quality, moderate-sue c-axis crystals of up to I -cm cross section.
details on crystal growth may be found in previous papers.l -

to

0
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Fig 17 Quaternary phase diagram for the sysiem BaiJb.O,,-SrNb,Os- Fig. 18. Temperature dependencies of the dielectric constin-s tor
KNbO,-NaNbO, Tungsten bronze BSKNN ceramics and single crystals BSKNN crystal compositions Solid line c axis. poled at 3 kv'/rcm. dashed
',,',,eid hefe eivt on ihe tain BSKNN-I-BSNN-4 line: b axis (Ref. 18)
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%\c najc tnvc,_jted ocher BSKNN compositions on mic oin oc 500 -

t, en BSKNN-I and BSNN--l usine intered ceramic mate-
rial. and these revealed a drop in the transition temperature for
BSKNN-2 (Ba0 ,Sr, jKo 5Nao 5Nb 5O,) and then a moderate in- KiNN
crease for BSKJNN-3 and beyond. However. these ceramics showed Z 300
onk a monotonic increase of the room-temoerature dielectric LK

BSKNN-31
constant with compostuon and little in the way of conclusive evi- z 8N

dence for an MPB region based on lattice parameter determina- -
tions. although the a and c parameters show a substantial decline 100 . 6SKNN2

at BSKNN-2 (a.b = I 2437 nm. c = 0.3935 nm) <
The Czochralski c-axis crystal growths of BSKNN-2 and

BSKNN-3 ha,.e proved suostantially easier than the growth of
BSKNN-I. in part. we believe. Decause the former lie closer to a 1ooo-
true congruent melting region BSKNN-2 and BSKNN-3 also have
a more ctr.-ular cross section compared to the nearly square growth 8SKNN.3
nabit of B.SKV4- I 3 Figure 18 shows the dielectric properties as0 SN-

a unction oi niperaEUrC for the nonpolar a-axis (E,,) and polar 750j-
c-axis (e,_,) ( ,ctions in these crystal compositions Like other
tungsten bronze crystals such as SBN. E33 follows a Curie-Weiss -

0law (Eq 13)) both above and below T, with essentially a second- Q
order pnae transition character. There is little frequency depend- S coo
ence of the die!ectrc constant (100 Hz to 100 kHz) except within
a e'- jdgrees of T, where a characteristic rise in the loss tangent ,SKNN-1
is also observed. This is due to fluctuations of the site preference KLNN
distribution for Sr and Ba in the lattice, resulting in a narrow distni- 250 o .,
button of phase transition temperatures in the crystal bulk and a cor- -
responding frequency dependence for the dielectric properties i3 (3

The c-axis Curie constant in the ferroelectric phase increases
for composmons beyond BSKNN- I. resulting in room-temperature 1 244
f3 values for BSKNN-2 (170) and BSKNN-3 (270) which are 1.252 1 2.0
considerably greater than for BSKNN-l (120) in spite of the only LATTICE CONSTANT a nmi

moderate differences in T,. Furthermore, BSKNN-2 and BSKNN-3
show nearly identical a-axis dielectric behavior (Fig. 18) which Fig. 19. Ferroelectc phase transition temperature and dfeieltnc -slants ,, and (u as a function of the a-axis lattice constant for "filhI"
differs considerably from that of BSKNN-1. These results sug- tungsten bronze BSKNN. KLN. and KL.NN single crystals
gest the possibility of an MPB region in the vicinity of BSKNN-2.
with a pseudotetragonal orthorhombic phase for compositions at
and bevond BSKNN-2. Furthermore. recent optical measure-
ments on BSKINN-2' 3 show values for the linear electrooptic coef-
ficient r, (160 x 10- " to 180 x 10

"'- m/V) which are a factor which have been reported in the literature.3039 These binary s,,-
of 2 greater than anticipated from the phenomenology given in tems were initially studied to determine the stability of the bronze
Eq (1) This may be due to a ferroclastic contribution to r3l structure and to establish the basic roles of each cation in the par
which is not accounted for in the phenomenology for a simple tially filled and filled lattice formulations. Each of these system:
proper bronze ferroelectric 9 3' Measurements of the change in possesses a local minimum for the phase transition temperature
e, with applied dc field for BSKNN-2 in the ferroelectric phase behavior suggestive of an MPB
also indicate anomalous behavior ' and suggest the onset of an Two examples of the vanation of T, with composition are show-n
improper ferroelastic transition about 90*C below T,. in Fig. 20 for the systems SKN-PKN and BNN-PNN from the

Figure 19 shows the room-temperature dielectric constants and work by Ravez, Perron-Simon. and Hagenmuller . 0 In both in
the ferroelecric phase transition temperature. Tr, for BSKNN stances, the observed T, rrumnna were founa to occur at boundanec
single crystals as a function of the tetragonal or pseudotetragonal between tetragonal tor pseudotetragonal) and orthorhombic phase,
a-axis lattice constant Also shown in Fig. 19 are data for two Typical of MPB materials having orthogonal orientations of ,,e
other ferroelectric bronzes. K)Li.Nb0Os (KLN) 6  " " and polar vector in the !- - phases. these MPB regions are also accom
K,.,Lt2 Na,Nb, 1  (x = 0 3. KLNN),36 which also have filled panied by abrupt changes in the c-axis lattice constant as well "
k and A, lattice sites These data illustrate why larger-unit-cell Although the binary systems in Table I all show \1PB-t:, :
bronzes such as KLN have not been generally favorable for opti- behavior, they were not identified as morphotropic systems in mrie'
cal applications, since 'heir comparatively low dielectric con- original investigation. It appears likely that all of these system
stants necessarily reflect low electrooptic constants. In contrast, have true MPB regions, and thus the potential for very large It
Cc-doped BSKNN-2 and BSKNN-3 have proved especially use- electric. piezoelectric, and electrooptic properties Certainl
ful for photorefractive applications'* "' as a result of their would be worthwhile to continue their investigation in more de ..
large dielectric and electrooptic oropries. these being simlar, in prticularly in the form of grain-oriented ceramics. epitamial :h.-
many ways. to those found in perovskste BaTiO), However. films, or bulk single crystals to establish the directional deene-
BSKNN compositions are suostantially easier to grow as large. cies of the ferroelectric properties
,ztcal-quality crystals of I 5-cm diameter Furthermore. unlike

BaTiO,. BS.Z1NN crystals retain their ferroelectric properties
,,nen cooled below room temperature and therefore do not re-
quire careful environmental control Hence, these crystals may
prove particularly advantageous in a number of present and future Table 1. Potentially Morphotropic Bronze S.istems
optical device concepts Sstem r, min,.,um, C ,

(I - x)SrKNb5Ois-xPbIKNbO,, 110 0 1-

IV. Other Potentially Morphotropic Systems (I - x)Ba 2NaNbO,-xPbNaNb,Oj5" 280 0 05
(I - x)Pb 2 Ta, 1 --xPbNaNbO,' 40 0 i5

Table 1 lists three additional tungsten bronze solid solutions .Ravz es a ,t et, at -
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in other crystal systems. This same structural flexibility has also

600- 0-SKIXPN0-)N (IN proved advantageous for the development of optical- Iuality Ce.F and Cr-doped crystals for photorefractive applications.' Althoueh
the Pb-containing IPB bronzes. such as PBIN. have very large
spontaneous polarization and large dielectric and piezoelectlic
properties, their most serious drawback is the higrn volatility of

~400--~~ PbO at crystal growth temperatures. Hence. lower- temperature
-~ growth methods such as hot-pressed. grain-oriented ceramics or

1 epitaxial thin films may prove more useful for practical applica-
I tions of these materials. For example. epitaxial thin films are

200 Fparticularly suited to SAW and pyroelectric detector applications
I which may benefit from the enhanced ferroelectnic properties

available in these materials. However, many of the non-Pb-
0 1 00 0l10 ain only a small fraction of Pb at the MPB composition (e g..-

(b) PN-SNN. SKN-PKN), are still potential candidates for bulk
X (MOLE%)I single-crystal development.

Fi.2.Phase transition temweature 'efsus ceramic composition for
, iH-r)SKN- tPKN and (b, t I- rPNN- rBN.N From the work by V1. Conclusions

Ceramic and single-crystal investigations of niobates and tanta-
lites having the tu-ngsten bronze structure have shown the e'tist-
ence of MPB regions in several systems with PN. PNN. PKN.

V. Summary BN. BNN, SNN. SKN, PT. etc..- as constituent end members. In
some cases. MPB behavior had been previously observed without

Table If summarizes the properties of the major MPB bronze mentioning the possible existence of a morphotropic boundary.
systems that wc have examined in our work. Included in the table Because of the wide variety of MPB systems available in the
is the system PN-SNNf,. details of which may be found in an ear- t-ingsten bronze family, the selection criteria for continuing mate-
ner paper.*' The last system in the table. PN-KLN, is one we rials development necessarily rest upon the ferroclectric properties

at have just begun to investigate based on the orihorhombic and te- available within each system (e.g.. polarization. dielectric con-
tragonal structures of its end members. This system has relatively stants. pyroelectric coefficient. piezoelectrc constants) as applied
high phase transition temperatures for both end members (in excess to the specific needs of a given device application. How.-ver. the
of -toot), presenting the possibility for a moderately high Tr ultimate applicability of these IMPB ferrielectrics will be deter-
'.alue at the MPB. This can be of particular value in optical ap- mined by the ability to grow these materials in the appropriate
plications because of the possibility for large. nearly temperature- densified ceramic, thin film, or bulk single-crystal form with ma-
independent dielectric and electrooptic constants ait normal device terial quality (homogeneity. transparency. minimal defects and
operating temperatures. striations, low dielectric losses. etc.) sufficient for these applica-

We are also investigating a variant of the BNN-SNN bronze tions. The highly successful work to date on the development of
system in olving the partial substitution of Ca for both Ba and morphotropic PBN and other bronze systems should therefore
Sr. This work initially focused on the Sr:.Ca,NaNbsO,, (SCNN) prove invaluable for the continued growth and application of these
solid solution because of an observed enhancement of the room- and other new MPB bronze ferroelectnics in the future.
temperature dielectric constant of ceramic SNN with Ca modifi-
cation. Czochralski crystal growths for thex - 0. 10 composition Acknowledgmlents: we thank Dr. Edward Sharp of Lhe U S. Army Ccntct
Sr, Ca.NaNb,0oi have shown large room-t(emperaturc dielec- (of Night Vision and Efectro-Optics foer his measstremnent or the optical properties
trc constants Ia1700) for both polar and nonpolar directons. a of BSKNN single crystas and his frequent encowagemnent and %aiulbie iisctiots

.;nique property -f .mportance ~n plhotorefractive and electrooptic We also an aren t oM. Cayho anu mr mania is nveasaaextnshive -0f
device applications such as three-dimensional memories and opti- intepeaainndgohofheumrsmtralivsiaednhs r.

cal displays. However, bulk single-crystal growiths of SCNN with
diameters greater than 0 5 cm have proved d~ifficult, so we are: now References
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It is evident that there ame numerous possibilities for morpho-. 45-4 P193.BNOFroecc usenrneCisl.Feodii
'ropic systems .vithin the .ungsten bronze ferroelectric family. '1T R Shrout. -. E Cromanut H A Dukin. Ferroetectric Properies at Tungwnc

Bronze Lead Barium Niobaie iPBN) Single Crvsisls.' Fer,oreric; Lett 4.1
although in no way :,hould the present paper be considered a com- )Z5..30 (193
prehensive review of all uch possibilities. The wealth of avail- 'B Wkif. W R Cook. anu H ;ide. Pic-.etectric Ceramics Aoademic Pit.'
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Table 11. Summatry of Present NtPB Tungsten Bronze Systems
S~tmSpace group t 41NPB T IC) e ii 23TC

(I - tjPbNb.O,,tBaNb2 O, 8b2lm-P41bm 0 37 280 1000
(I - e)Pb.Kl5b,,.-.-tBaINaNb O,, -Ccm 2, 0 25 280 1350
0I - riPb.KI'b,O,.-rSrNaNbO11  -8bm 2 0 70 155 950
If - t)Pb-,Nb,Q,-vSrINaNb O,. Bb 21 r-fbm2Z 0 75 135 3400
0- eiBaNaNbO,-rSrINatWbvi Ccm2,-Bbm2 060 180 450

Bj.,Sr,K,,t'aNb.O1 , -1IS 170 190
- Ps"h Nhj) -rK.1 i.Nh.O.. 8b 2,ns-P4bm
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Sro. Bao 4 Nb2O6 (SBN:60)
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L. E. Cross
Vatenals Research Laboratory. T7-e Pennsylvania State Lnwitty. UntiversitY Park. Pennsyivanta 16802
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The tetragonal tungsten bronze ferroelectrics in the strontium barium niobate system have
been extensi. ely studied over many years. As for many of the bronzes, a crude interpretation of
the expermental data has been attempted in the past using the simple Landau-Ginsburg-
Devonshire expansion of the Gibbs free energy as a Taylor series in powers of the polarization.
lumping all the temperature dependence into the lowest order term. In this paper new
measurements are presemted for the temperature dependence of dielectric polarization,
permittivity, and the E-field dependence of the permittivity. It is shown that for a realistic
fitting of the data. the Taylor expansion must be taken to at least the eighth power term, and
.hat the coefficients of terms up to the sixth power must be taken as functions of temperature.
Since the phenomenology describes equilibrium behavior, it is the total static polarizabilty that
is being explored in this treatment. The nature of this temperature dependence strongly
suggests that the phase transition from a macropolar to a macrononpolar state is tetracritical.

I. INTRODUCTION and polarization data as a function of temperature it this
Tungsten bronze ferroeectc oxides have received con- paper, we present new measurements of these pi, . :rties

along with measurements of the electric field depene' nce ofsideracle attention for many years, with perhaps the best hprmtitysafuconfte eaue.t. .wnthe permlttvity as a function of temperature. [t ,a :&own,
known of these being compositions in the Sri _ Ba. Nb'O 6  that Por an accurate fitting to these data in the ferr, ectnc
(SBN) solid solution system. Numerous applications have phase the Taylor expansion of the Gibbs free energy must be
been realized for SBN, particularly in the areas of pyroetec, taken out to at least the eighth power of the polarization, and
tnc infrared detection,' piezoelectmcs, 2 . electro-optics, that the coefficients of terms up to the sixth power must be
and photorefractive oipties, ' 4 the latter resulting from the taken as strong functions of temperature. Since the pheno-
evolution of techniques for the growth of high-quality single menology describes equilibnum behavior, ,t is the total static
crystals in the congruently melting Sr, 6 Ba04Nb O6  polanzability, summing all possible contributions, which is
(SBN:60) composition.' 5 As in the case for other ferroelec- being explored i this treatment.
tnc materials, much of the experimental data for SBN have
_%een interpreted on the basis of the Landau.Ginsburg.De- Ii. THERMODYNAMIC PHENOMENOLOGY
vonshire (LGD) phenomenology, as in the extensive work The free-energy function of interest for a polarizable in-
by Shrout et aLi6 on the elastic, dielectric, and piezoelectrc sulator is the elastic Gibbs function, given by
properties of SBN:60.

With some important exceptions, nearly all of these in- G, = U - - Xx, ()
,erpretations of ferroelectric behavior have involved simple where U is the internal energy, T the temperature, S the
LGD expansions of the Gibbs free energy as a Taylor series entropy, X the elastic stress, and x the strain. Under the
in even powers of the polarization, truncated at the sixth symmetry constraints of bronze ferroetectrics with a high-
power, with all temperature dependence carried only in the temperature tetragonal prototype symmetry 4/mmm, the
lowest order coefficient." This approach has proven suc- change in free energy, AG due to nonzero polarization P,
cessful for SBN 60." ' although in some instances only may be written as a power series expansion in the P,'s along
rough approximations of the experimental data can be ob- the three principal crystallographic jxes. Under isothermal
tained, as in the case of the dielectric properties. .oit dmion and /ero stress, the I.GD phenomenological ehas-

The development of optical quality SBN.60 crystals has itt. Gi %h function in the shortened matrix notacion " be-
made it possible to accumulate very reproducible dielectric f.uiitC,

1 I

/,, [ a, (P + P ) + a,/12 t- (z,, (/1" 1 /I') j l..'1 ,,/ I, 1 , ,,l l ,,,,l. tI

+ at,,2 { PP + PP 1) !-z,(' .14 1, , ,(' l; ,:P, l, ,,,

+ a,,,, + PIZ) +,,,j :, ".12,2)"4 '1P42, , .. /11 (2)
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where the a s have been normaslized by (he free-spacc per- = 2a, = ( F- 6, )/ C,(>F)(
mictvity, e, for later convenience. Equation ()pnncivall ' =22 = ( T- 03J/C 3  ( 7> T, (0
differs from earlier treatments' " b the inclusion of terms F r a frto d r p ae ta sto )< Tout to the eighth power of the polanzation for reasons %h hich with 61<03 o afrtore hs taston6 ~
will become evident later. x hereas for a second-order transition 63 = T, under ideal

For nonzero electric fields. E.. _e must, examine the conditions." "
complete Gibbs function I G = -%G EP, - EP Generly, there are no restiriCtions on the temperature
+-i1 ?1) Setting the first partial derivauves of _IG with -re- diependence of the higher order Devonshire coefficzents a,,

sp-ect to polarization equal to zero then gives the electric field a'. a,,,, etc., and indeed for cases such as BaTiQ3 some ter-
relations along the principai axes: perature dependence has been found.20 However, in most

E, 1,c,2a~p, 4 P' a,.PPi+ 2a,,PP21treatments of ferroelectric materials, the higher order coeffi-
=~ ~ 1/o2,,--4 11P 1' a 2 ,~--2 1 PP cients are assumed to be temperature invariant, at least over

-6a .. 1  - -a,2 .(2PP'Z + 4P'P-D -4a2P'P, a limited range below T, and i..asonably good fits to dielec.2 tric and spontaneous polarization data can be obtained. Nev-
+ 7.a, 3 P 43 -2a 1 ZPP 2 P i8 1  ertheless, the uniqueness of the Devonshire coefficients is

- -~ 4~ 3 ~P~] (3) necessarily determined by physically measurable param-1 2 -<T113P3143]'eters such as the low-frequency dielectric constant, the spon-
= / ) aAP + 2a,3(Pi - P )P1% + 4a_3taneous polarization, and the electric field v hich must rigor.

+2,P +P)PI + 4 a33(P' + ' p) P3 ously satisfy the dielectric stiffness and electric field+ 2,, 'P', +P Iequations as well as other derived phenomenological rela-
2?2a PP + 6a,3P3 tions. These we shall now examine on the basis of macro-

4a + P )P3 + 8a,~3  (4) scopic experimental data for tungsten bronze SBN 60.

T'he electric field expression for E, has been omitted since it 111. TUNGSTEN BRONZE SBN:60
is formally equivalent to Eq. (3) foir the tetragonal symme- The congruently melting SBN 60 composition is a
cry assumed here. 16 The solutions of these equations with E, smaller unit cell bronze with a tetragonal 4-mm cr ystal
= 0 determine the normal ferroclectric states: in the case of structure at room temperature and lattice constants

tetragonal bronze ferrvelectirics, the 3 (or c) axis is the only a,b! = 12.465 A and c = 3.935 A as determined by x-ray dii-
spontaneously polarizable axis, so that Eqs. (3) and (4) re- fraction measurements. Th e SBN solid solution system is
duce to represented by the formula (A,) 4 (A2) ,B,O0, in which both.

E,l c[ 1 a,P, + 4a( P11 + Zaf3PP2  - ac O' he Sr2 and Ba2 - ions occupy the fifteenfold (A,) and twc.

A ~vefold (A42) coordinated oxygen octahedra sites.- '--' Since-
" 4alIP1P23 + Za3PP only J of these sites are occupied. SBN is referred to as a.

+c, ,P~ + 4a ,3P IPA unfliled bronze. The high-temperature prototype svmmetr'.
is tetragonal 4/mmm. placing SBN in the Shuvalov ferroc-

(p2 =0), 5) lectric species 4/rnmm(1) D4F4mn-- .13

E3 i/- 0 [2a,.P +i 4a33P3) + 6am3P' ga,,,,P? J The SBN-60 solid solution crystals examined %%ere

( = P, = 0). (6) grown by the Czochralski technique' 5 
:4 25 using an auto-

ne dcletirc stffnssmX. re ten ive bymatic-diameter control system to facilitate tight composi-
The ielctri szffnsses ,~= e;'. re hen ive bytional control and high optical quality during bulk crystal

I , = d0'E, = 2a, + l2.a, IP11 + 7-a 3p' + 30aI P4 growth. Fusther details may be found in previous pa-
JP, pers.6" Over 100 growths have now been performned in the

+ l~ . l, p) + a 03 43SBN system, including undoped and doped crystals (Ce. La.
+ ~ ~~31')Fe. etc.). and crystal quality has evolved to the point where

-- ' 56a,M1 pt + I2a,,33PZP4, c-axis boules upto 4cm diam are now routinely grown. free
=p 0). (7) of detectable imperfections and major optical striations.

These crystals have been of sufficiently high optical quality
or to permit extensive optical measurements such as two- and

Z a, + 2a,)P') + 2a 13P' (P, =P, 0), (7a) four-wave mixing and self-pumped phase conjugation. "'

and A photograph of a typical SIIN 60 trv%tml boule is

dE' a, 12,,Pshown in Fig. 1. A gcnral Larai~tcri,,tic of tuigten bronze

- = Za laP crystal%. i%. the presece ofmajor f.ILet' 1wrillel to the growth
dP, axis, iii the particular case of SlIN () c ixi'. growth,; there

+0,,p are 24 faIcets, ineluding( I(X)), et010). (I 110). etc . a feature

(p P,0 6a)%h which '.igitficantly e:,eih ii .k )I i ry.ill orictatinn and
= 0) Lutti1i9

At temperatures well above the ferroclectric Curie point. 1~IV. EXPERIMENTAL METHOD
P)=0 under zero bias conditions and the paraclectric !,tiff-

nesses generally follow a linear Curie-Weiss behanvior (if Ihe I lie iwo principal #Lry%i.IIlogi.1Iphu. .iAV4:0 (it iie in

fomSIIN 60 .ire the aj or bac .ie. (X)) tsr (0I10) ) ind hie tmflar c

38 J Ac9Qi PhV. voi 64. No 1 i July 1088 ()1.,f No-ti'll-w-k-1 ,id, It 1" in.i



ted HP-t274A bridge covering the 'requency range ot !,1 jM Hz-100 kHz. dc currents were measured .ith a Keithle,,

619 electrometer All data acquisition, process control, and

data analysis were facilitated by a H P9816 desktop comput-

er using an IEEE-488 interface bus.

-- V. POLAR-AXIS PROPERTIES

C . The bronze solid solution system Sri,Ba,Nb.O,1 1 1 1 2 W 0 25<x<0.75, is characterized by a large dielectric anomaly
along the polar c axis at the paraelectric/ferroelectrtc phase

;" ". "transition temperature, T_. An example is shown in Fie,.2
t teaofor the weak-field c-axis dielectric constant, 633, as a function

"11"f liinl'n't n i j"l"mip,,l,, of temperature for an SBN:60 crystal poled to a single ferroe-

. 4 lectmc domain. A recurring feature of SBN is the significant
amM/era dielectric dispersion which appears within a 10-15 "C range

- of 7, (-75 *C) as shown in Fig. 2. This Debye-type relaxa-
tion behavior is why SBN solid solution crystals are general-

FIG I Czocn rlski.-rown SBN 60 bulk single crysals. ly referred to as relaxor ferroelectrics. This behavior is pos-
tulated to occur because of the distribution of phase
transition temperatures in the bulk of the crystal arising

atis C0l) ) Crystal wafers in these orientations were cut from the site uncertainty of the Sr' and Ba2' ions in the

vith a diamond saw and then mechanically lapped and. in partially filled latatce. Further evidence for this postulate is

omc instances, additionally polished to an optical finisn. provided by comparison with "'filled- bronze ferroelectrics.

However. the latter step was not found to be particularly such as Ba2 _,Sr, K,_tNaNbwO,,(BSKNN)," where re-

necessary for electrical measurements, as long as the con- laxor behavior is greatly diminished.

tacts iere annealed. We have used sputtered Pt or Au full Fbr temperatures approximately 20 'C or more on ei-

area contacts almost exclusively in our measurements, and ther side of T+, the dielectric dispersion is small (t~pically

although other materials (such as Al) and contact forming < 2% from 100 Hz-100 kHz), as is the dielectric loss (tan 5

methods (such as fired pastes) are viable alternatives, sput- typically 0.007 or less at 20 'C, and less than 0 001 at

tered noble metal contacts have been found more stable at 120"C). Room-temperature dark dc conductvuty is also

elevated temperatures and yield highly reproducible electr- very small, typically 10- " fl-' cm ' or less, and can oni)

cal measurement data. be measured under absolutely stable temperature conditions

Contacted crystal samples were generally annealed in a because of the large pyroelectric currents which can other-

dry oxygen atmosphere at 450-550 C for 1-3 h prior to mea- wise occur.

;urcment. Although the crystal boules undergo a post- SBN 60 crystals which have been thermally depoled b>

growth anneal at 1300-1400 C, thesecond low-temperature a warming well above 100 C show the same low dielectr:

anneal establishes a good interface between the contact me- dispersion and loss above T,, but show a very large disper-

tallization and the crystal surface, and helps to minimize sion and loss (tan S = 0.10-0.25 at 20 "C) which persist ell

surface conductivity along the unmetallized edges. Surface
damage due to cutting, polishing, and metal deposition ap-
pears to be minimized at these relatively low temperatures, ,.10o
and tesidual internal stress is also probably reduced. $110 o i

The measurement apparatus for dielectric, conductiv-
ity. and polarization measurements consisted of a fully , -I
shielded alumina sample mount enclosed in an environmen-
tally sealed alumina chamber. Electrical contact with the
tpesse a stablished by small Pt pads which lightly u si n4
pressed against a portion of the contact metallizatcon usig y
an adjustable spring-loaded alumina rod. Details of the de-
sign are given in the paper by Monn. Oliver, and Housley; '  a I. ,04
the apparatus in its present configuration represents evolu- I
tionary refinements of the original design. Sample tempera-
ture control was facilitated by a Kanthal-wound tube fur- ,.......-

100 ?00 00

nace. with temperatures below room temperature achieved ,.00,, ,-

by spraying liquid nitrogen onto the sample chamber wall.
N, gas was used in the chamber below 0 *C aind 02 above at a i-I(; 2 I'.1,a .ss,.,rin.ll:t walt,I' fo:r i litiletl %IiN tkryu.al %I lit) iM.

-2 psi positive pressure to maintain t dry eiivironmciit. thighc Lurvc,1). I iii ,s, Ix ki.. h ..kit/1,) I, 7 7h '( dc

All dielectric measuremetiis were made with a calbra- Piclil,1K :,0I i1c1,ect Y
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FIG. Arrhenius plots oftne polar 3aus conduci'it% oiSB3N 60 at dc. 100 F
H7_z and 10 kiHz. The dashed lines are 'or a therrnaik depoled crystal, the

s~oid tines are for the same cr~stai in a coled condition -j

below 0 C. The substantial differences bet'(Ueen the poled
and deooled ac conducti~.iues are shos4n in Ehe Arrhensus -10_0 I s 0 S 0
plots of Fig. 3 at 100 Hz and 10 kHz. nhe higher conductiv- TEMPK.ATURE Mc

ities and large dielectric dispersion for depoled crystals are
felt to primarily arise from antiparallel domain wall relaxa- FI4Thpla-xsointo.Panthprcecc etcei .

Lion' %hich progressivel,. freezes out at lo~er temperatures. or 58N WO The high-termeature tail regionstend to gary somenI~har With*

A cuAosity of SBN compositions is that at low temperatures. the -oliM3 conditions.

typically below - 100 *C, the antiparallel ferroelectric do-
mains of a depoled crystal effectively clamp the crystal. re-
sulting in a nearly dispersionless dielectric constant which is
less than that for a normally poled crystal.

SBIN:60 may be poled to a sin gle ferroelectric domain by measured current density. Although either torm of Eq. (I
applying a 5-10 kV/cm dc field along the polar c axis at may be used to determine p. numerical differentiation of the
room temperature. However, an initial thermally depoled polarization data was found less noisy since it was less affect-
condition is necessary since the inadvertent application of a ed by small fluctuations in the thermal ramp rate.
reversed polarity field to a partially poled crystal can result The pyroelectric maximum for SBN:60 occurs at 67 *C
in the formation of antipolar macrodomains which cannot (Fig. 4), roughly 8 'C below T,, and the net polarization
be fully switched.'" 0 For this work, poling was acconi- persists well above T, because of th~e distribution of phase
plished by a field-cooling method with the dc field applied transition temperatures; this distiribution is estimated to
from just below T, down to room temperature or below. have a Gaussian half-width of 8 *C. At room temperature.
Although it would appear advantageous to apply a poling P) = 0.28 C/rn3 and p = 9.7 X 10' C/rn2 C, values which
field well above T, and then cool because of the distributed

natue o th phse ranitin tepertur inthecrytal are comparable to other published results. Secondary py-
nurc, of pate phse trasitond temperatue ithe rstal rolectric contributions to these data due to thermal dilata-

perature dielectric losses by as much a.s a factor of 3 due to tinaexpcdtobsmlecptvrcoeto,

space-charge effects and did not result in any significant A. Phenomenological fitting
changes of the measured polarization.

Figure 4 shows theec-axis polarization, P,, and the pyro- From the standpoint of the thermodynamic phenomen-
electric coeifficient. p. for a poled SDN 60 crystal. These data ology, it is preferable to examine the polar axis dielectric
were obtained during warming at a nominal 3 *C/tui rae, -onstant of SUN 60 in terms of the dielectric stirfness. r,
with other rates giving substzntially thc .ame results The = ,. is shown in Fig. 5 The dielectric stiffness accurately
polarization was determnined from the numerically iwtegrait- follows a liiiear Curie-Wcnss law Noth11iltove and below T,
ed charge released during warming jit cro bias. Vlic pyro- over ai widle tempcwrature raiigc. with)
electric coefficient was measured alintlltaneously with tile ,, Cl/( , Li50) (Fr o')
poharizaJionl'9 using ,/(U., / *-u.00. (12)

= _dP, __(11) where ini thle paraicctric pha%e C,. 4 I XI10'C and
dT r , -:75 *C,.szil it, (the ferroelct.tric 1pha~%c C, 4 5 X to' *c

where f. is the rate or tempertuirc ,hatiige miid J,. iN thle sutl1)., 69V- I Ile gderail h-chasvior If tilt dicktric stiff-

120 A001 
1
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ness suegestS a nearccn 4.):- )rer pnasc ran~awn n3.

that 0, = 0, =T is :edit to b< due cc the tinite ;i'triouuocn ot

phase transition tempcraitures in SBaN cr%'tal' Indeed :1r Sa 60'0 -uO

"filled" bronzes such az, BSKN\ this diifcrentc aimounts
to. at most, 1-2 'C"\\

The linear beha,.ior ofthe zielecti-ic :tiffnc~ )% cr su,,n a
wide temperature range bd-oA r' is unu -uji omparec -o 10 ~- 3-

other ferroelectric materials such a. Li.NbO, ara -
BaTiO,.' :' A quick inspection of the clectnt: icld anta zi- 4i.
electric stiffness expressions in Eqs. ( 6). ( 8i. and t10)

shows that for a stiffness expansion truncated at the fourth
power OfP3 and temperature in'ariant a%, and a% only a
-4:1 ratio for C,.C), is predicted in the low-temperature 1 03

limit (?, large), compared to the -9:1 ratio measured.
Adiabatic versus isothermal considerations can modify the
predicted results'* but only weakly due to the slow .-an-
atnon of the spontaneous polarization well below T,.

An examination of the spontaneous polarization (Fig. 6

4) shows a linear temperature dependence for? P over a % er 1
winde temperature ranige. as shown in Fig. 6. Deviations from - 150 -100 -50 0 so Oo

linearity occur only very close to T, and at the low-tempera. TEMPIRATVAE i*Ci

ture Cetreme. Formally.

P = P3(3 - 7)" 6  13) FIG 6 Plot ofthe sixinpower of Pvs emperature. showing a vde lnear
- zson beo% the xero intercept ac 69 *C.

with O, = 69 *C, as before, and P3. = 0. 150 C/in2 'C '

From Eq. ( 11), the pyroelectric coefficient is then

p = P30,6(01f - n'/f = P,16(637 - 7F).

which is experimentaily satisfied over an equaily wide tem- Comoartng this with the dielectric stiffness expression in Eq.

perature range. 3). Eq. (I15) reduces to
The temperature dependence of p in Eq. ( 14.) may be -P3 = 633P3 16

compared with the phenomenology by taking the derivative dT C3
with respect to temperature of the electric field expression in Using the empirical relation for "33 given in Eq. ( 12) for
Eq. (6) under zero field conditions. For tempecrature invar- T< 9,1, Eq. ( 16) becomes
iant higher order coefficients and a.) defined by Eq. (10). we

have P= C,,? ,/C1(G ) P,19 I1 (1/8, ) (17)

/ T -8,,a relationship which is in vast disagreement with the ob-
0 =-?,P + ( C ,3+ 2al'2 served behavior of Eq. ( 14). Note that Eqs. ( 16) and ( 17)

C3C are corrct for any number of higher order Devonshire cioef-

3a,,P4 + 5 a),2j dl', (15) ficients, as long as they remain independent of temperature.
3 dT In the particular case of SBN:60, this assumption is clearly

not valid.
The dielectric. pyroclectric, and polarization behaviors

described here for Sl3N:60 have been consistently found an a
large number of crystal samples, with relatively minor varia-
tions in the physical constants being found from one crystal

"~' hgrowth to another. Effects due to sample geometry are also

Z ~not significant; excelient agreement in the properties has
4 0- be en found for samples from 0.35 mm up to several mm in

I thickness. indi-ating that contact layer effectsdo not play an
important role.

~ 3.~ 0-Lt ise vidcai from the polar-ais bchavior ofSBN:60 that
hephenomeiwlogy for the Gibbs free. energy must be taken

1.10- -. < out toa leas~x.t the eighth power ofP (sixth power in dielectric
- \NilriCem) with temperatureikependent higher order coeifi-

0iPIIR -~ei% I roitially. .a iewoable \ixih-order least-squares fit
zooo 00 00.0 it) Eldielectric dhaia~ czan %tilhl he: achieved over a moderate

teinperaii irc range tisiiig teuuiperaiure-aaadepcnident coeffi-

F10 5. The poiar-axii rciprocal dielct~ric ttiami~e .&I III kItIItr,,t %.ii LIeIII2N." l lojwever. Eiea pyrocecirie data clearly show that
SON-60. ilie rel.iliashilp lictweea p .i11a 1', 1 1I*tl. t 14)1 a . indlependent
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)I n fe-"e :(>erficicni C n .i'iatiun of the pneno = 4adP 20,,
-n-:c60c. for temperature indjependcnt higaner order coelE.
..en(S ',Eqs tb1) ana i iI Thi 4;iiuatioin ro( unique to (S

unjoeSBN t)0 xcn ri±cfouna equv-alent tehawiof in oth.

- \ :om~ositions z . SB\ ,O, uioped cry 1stals e e z For small changes in E, d3P,1/aE, = .eso t hat Eq. (S

La and more mportank lor .M(hdr terroelectinc mna,6 ce written as

: ronz-e- ncludine:ornmpitons in mne BSK\\ s~stemn7% = 6 -.. 120a,,,?' 3~36a..PO)
1-h~e measured temperature dependencics of the sponta- dE, P,

ieelus oiarization and the polar-axis dielectinc stiffness are (19)
hih% uggestive of nigher order thermod'.namic zoeffi-

ciens fthl fr This equation, combined with the relations for the electric

cetscfth fr field [Eq. (6) 1 and dielectric stiffness I Eq. ( 18) 1. comn-

c* a, , (0y, -: -)- pletes the set of equations necessary to determine the higher
0 order coefficients. Under the constraint of small linear

a =) 3(1 - 7) 1  changes ofX33 with applied field, the solutions are

.-hhich qualitatively ac least, will then satisfy the observed Q3333 e---(9E34e C3

emperature dependence of 633 The measured relationship (f 413d,,~. k8 , - T
beiweetnoand ?, [Eq. ( 14)1 will also be satisfied, but unfor- a33 12-

,unate!% *-without yielding any infor-mation about the mazni- :1"33," d9E, C3

,udes of a~, etc. How~ever, the postulated temperature de- aM (f aY3 (,3 7.
Dendencies may be unnecessarily stict since the dielectinc o., d 3 , E,
stiffness and elecinc field relations involve the sum and dif- (20)

,ererict of at least four (potentially large) terms in the fer- To this point, we have made no assumptions regarding
roelectric phase. Hence, an additional experimental method any specific temperature dependencies, except for the parae-
is need to determine the thermodynamic coefficients in an lectric dielectric stiffness, (T - 03)/C, In the particular
unequi~ocal manner. :ase of SBN-60, we may substitute for the temperature de-

S. Te lnea eletrodieectrc; ff ct i SS:60pendence of P3 and 633, and with the approximation 8 m;0,
B. re lneareletro-ielctri efect n SN-z 0,,, the expressions in Eq. (20) become

Trhe extension of the LOD phenomenology out to the

eighth power of?, in the Gibbs free-energy expansion neces- Cr3U I (f I 3 + , ~
sarily leads to an underdetermined set of equations based on 64CJPIO ell dE3 C,3
the physically measunable parameters E, and 6113, so that no where C,1 and P,, are as defined earlier Hence, If aY331(dE3
uinique values for the higher order coeffictents can be estab- Iaiswt eprtr s ,,, sacntn.Smlr

hished. One solution to this problem is to examine the behav- yaand ,,wllvrrspciey with temperature as 3-,a33iacosntSmlr

or of the dielectr-ic constant at several different applied (0 T)~2/3 and (06- n)" 3, as suggested earlier. Hom, ever,
tields, this will lead, for example, to upward shifts of the note that the higher order coefficients need not follow any
phase transition temperature for applied fields of the same specific simple functions of temperature, but need only satis-
polarity as the poling field. ii This technique has been used by fv the general expressions given in Eq. (20).
many author-, to investigate ferroelectric materials, includ- The linear electro-dielectric effect, dv'/dE, is the low-
ing the excellent work by Glassi on SBN compositions and frequency analog of the linear electro-optic effect in ferro-
the work by Burns et aL.' to determine the values of the electric crystals, and it is a particularly powerful test for the
sixth-order Devonshire coefficients for La-modified validity of truncated free-energy power expansions. For ex-
SrKNb5,0 5 crystals. Unfortunately, this type of analysis is ample, rearrangement of the third expression in Eq. ( 20)
necessarily limited to asmall temperature range near T,and gives
is further complicated by finite distnbutions of transition
temperatures in materials such as SBN. ____ -3 = &~, 1 3 ? L- o, - - 7. (21)

An alternative technique is to examine small changes in dE, ?, \ 4,a3,6 ') C, / )

he dielectr-ic constant with changes in the applied field at so that by -,etting a,3i 0, the clcctro-dicleciric response

ixed iemperatures, this method was successfully used by for a sixth-order Gibbs free-energy expansion inay be calcu-

Drougard. Landauer. and YoungUo to establish the strong Waed. In the particular cise of SIIN W( at 20 *C. with
remperature dependence of the fourth power coefficient in ell 920 and ?, 02185 C/ m', the .a1#uljtcd sixth-order

liaTiO, using a dynamic low-frequency bias.ing te-hnique rc~poiisc is i 90x io-1 m/v rlie niaue value. cons.tant

bove T,. This method may also be applied be~low, /* as long for liniear dielettric chinges of kip I0' sY.rjl percent, is

i%. instrument sensitivity and accuracy are sulliciezit io nieci- I 18~ A (0 " m/,V, more thain iwmce thfe j.LIiiitl sixi h-or-

' ire 'je In the particular case of the eighili-order pheiio- %lcf ,IIlU. I his discrepuni-ytasiit h Mll ,il~o~CtI for by ,adia-

mnenology presented here, the change in thle dli1Le~riL %ilF- bali or --iiiitraipiezoelestrit; tturret-tiuiis% 111- IIA.C .iMOUflt

"e~with applied electric field along thc c .ixis miiay tic to, .1i iiiot~.. 'A 315-%...40o rrcuttiiii) inthe.ic~iih value.

.,Ieiilated from Eq. (8): 1 his pmirtiensltr rt'%ult isi wvht fiially ,.,,,iiriiec our recenit
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;na"i i xin-order LWD pnenomnoiog, ,,.as -a- - S8N60
decuate to har,,:,,enze SR% o..mpos;umons. and p-rhap , fle .,-s4

tun-.-(en oronzc crf \.i :tnii% in n eneral ,"-

k rull serie. o il r-,ieti measurcments %ere

carne., out Trom - !-Us C to T" on poled SBN 60 cr~sals
trom :fferent i %%ih, All measuremeittz wcre made at i
i€..e: :emn-. .raure-o nurc cquihbrium onditions Al-.- - 3

thou_.n :e respon. timoz for chanzes in applied field were .: -

snor ,%!o%% 50 'C i on (he order of the bndge.balancing time "

o i , or less) ihese increased to tens of seconds near T,.
rendering methods zuch as lo,-frequency dynamic biasing
to % ., imtted .alue. Nevertheless. the latter has appealing
features and ma% be explored in future work. In the present
wor. all electro-d ielecnc measurements were performed ,o-3,
usinz :tatic elecnc fields of alternating polanty.

Representative electro-dielecrnc response data for
SB.>c -4 are shown in Fig. 7 The higher order Devonshire
coefficients -ere calculated from these data and from mea-
surd e,, and P, values using Eq. (20). and are plotted on a ,o- 41
;oz.'oz scale versus (0,1 - 7) in Fig. 3. These coefficients 1 o ,oo oo
are ,ell charactenzed by the postulated temperature de- 1,-n C
pendenctes. %%ith

- - I 1 2 0-( 0, - T) FIG. 3 Log-log plots of the higher order c-axts Devonshire coefficients --s
f 9., - 7) The coefficients follow a (8), - T)° temperature dependence.

,7 5:= I l4:10-' (9,/- T) : " (m:/C)-, *i.hn=0. 1.and.

- I 03x 10-:(8./- -)' (m/C),

2 20x 10-' (me/C)"

The solid curve in Fig. 7 is calculated from Eq (21) using The electro-dielectric response was found to be indepen-
the -lue of a,,, gien above, dent of applied voltage, asexpected. for dielectnc changes upto 3%-4%; the maximum applied voltage was adjusted with

temperature to maintain adequate sensitivty and hneanty.
However. close to To no consistent data could be obtained
due to long-term dnfts. In spite of the long equilibration

Soo, I times necessary after temperature changes near T, ( -1 h),
SBN 60 the dielectnc data were found to be highly reproducible on

cooling, indicating that a fully poled, single ferroelectmc do-
main condition can be maintained in SBN:60 even after long-
term exposures to elevated temperatures near To.

Soo Figure 9 shows the calculated crystal free energy. I.G,.
as a function of polanzation. At room temperature, the
depth of the potential well is only - I meV per unit cell.
substantially below the thermal energy, kT, thus illustrating
the cooperative coupling of microdomams necessary to

" ,oo maintain a uniform macrodomain state The calculated free
-, energy is absolutely stable over the entire temperature ranze;
-, metastable states for .AG = AG, - EP, do exist for reverse

polarity fields, but these are inaccessible since they lie at
energies above those for the absolutely stable states. Calcu-

300o. lated P) vs E, hysteresis loops for SBN.60 show a coercive
switching field of approximately 20 kV/cm at room tem-

EXPERIMENT pcraturc. i factor of 8 larger than the -2.5 kV/cm encoun-
THEORY ftcrcd exprimentally. However, this result is not surpnsing

since the phcnomenologicai model does not attempt to ac-
ot-.-; court for the kinetics of micrtmnmain reversal."'
ISO 00 -50 0 so '00 1 lie elctiro-diceric character of SiN 60 crystals Aas

S(EMPbIEAIURE IcI Jlo extammed above the ferrocicctric phase transition tem-

I i(, 7 rhe 1 ~,ljr. iig, i l,.,ILk,.ig.. r.. t., 'kd ilN E. pcritiir" lii th% phase. ', is sThall or ero at ern bilas, hence.
rhe ',Id line It the iih -c.m.I L.urve hs.Itl, tit derivo-d pio, €timg l-.. UII.llg P, - = ,,AP,,AP, ill "q. (8). anld ignoring higher
it *.,,lllns . .lil , . order let IIt%.
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FIG. tO1. The a-axiscldiectr-icconstant of SBN 60 at 10 kHz. Dat. it

frequencies are essentially -dentical. The dashed curve is calcui w '

16 ..Cicj curves for the Gibbs free energy of SBN 601 at our itin- .he phenomenological .nodel zsing temperature-noe~endent h ~ ..... er
;,r--tures. showing absolute stability for the energy minima at P, =-P, coeffcients.

A dielectr-ic anomaly is therefore anticipated for

-2lar directions as a result of the onset of the spont O
431I,; 43~3 E ( T> T,, (22) larization. ?3,. A complicating factor in the meas

or the nonpolar dielectric properties; is the large diel- in-

-%3/3 24a,- 33e~ (,eAE 3)2  (23) isotropy of most etragonal feroelectnc: bronzes. n

Therefore. AC3,/633 is expected to vary quadratically with complete contact coverage or slight axial misalit, -n

applied electric field and rapidly diminish above T, with the cause erroneous results, particularly near T, !-,

third Power Of 633. This behavior was found in SBN:60, but wal waer asl tobidne by x-ary dirfectonnd

some asymmetry with. + AE3 was seen in poled crystals at tlwfr(seiecdb -a ifato n
tivity measurements), and its dielectric behavio. c

temperatures as much as 40 *C above T,. A more symmetric an expanded scale in Fig. 10. Corresponding Ani
response was found after thermal depoling under shorted of the a-axis conductivity at. . ,1.0, and 10 kHz at,. -
conditions, although measurements below 95 *C remained ed in Fig. 11, showing the virtual absence of major condiic-
unreliable due to long-term dnfts, presumably due to crystal itypasnrT.
repoling. From the measurements over the temperature titypasnrT.
range of 100-IS 15 C, the averaged value of a33 calculated
from Eq. (23) is ______0______________

a3)~I.X10-4(Mz/C;2 (T>T4 itwa S,

difcl oestablish any temperature dependence for a), in 7
the paraelectric phase, it seems reasonable to presume that E.'4 %61
a,, changes sign somewhere near T, with ino abrupt discon-
tinuities. Such a sign change may also occur for aM). but this
could not be determined from these measurements.

VI. NONPOLAR PROPERTIES 't 0.

We now turn attention to the dielectric properties of;"I .. .........

SBN:60 along the nonpolar a or b axis. The weak-field di- ' - k * L ~ --

electric stiffness at zero bias is given in Eq. (7a) and rcpeated
here for convenience: (r~riEts i.i:

1- 10 11 Artficiu% p1411% 4;f ile U-JAI' LIndiiIiiy fr:I 4 t4 0
= ( T- 01)/CI + 2a,, ',-- 21t, Ill. I kili.mjidg to ki. lmuiliof the o.I , AiuiucivslY 1a V-in

,Iitiuicusi -eiisstivity N iclMa e 1C ia vfk4 .&ab 1cu. c m(.i large, l.EflhiitI"y f-eak

(P, = I'. 0). (241) it

- I ~ ji1.vo"ka antli:nvi~ 4



The a-axis dielectric dispersion over u00 Hz-em0 kHz , -. )
was found to be minimal except at the temperature extremes
where it increased to 2%-5%. Dielectric losses were similar- 0047 T(G,, _ T) - cal/mol C. (27)
iv low. with tan 6 = 0.003 or less over most of the tempera-
ture range, rising primanly above 300 'C due to the onset of The excess heat capacity is thus expected to peak sharp-
significant dc conductivtly A! room temperature, the dark ly as the phase transition temperature is approached from
dc conductivity was typically 5< 10- '0 l -' cm or less. below, in qualitative agreement with the experimental re-

A.s expected, changes in e, with applied field were un- suits by Glass' on early SBN crystals. However, very close to
measurable because of the small induced polarization the transition, the calculated excess heat capacity represents
aP, = o ,IE,. hence, the values of coefficients such as a a substantial fraction of the background lattice heat capacity
and a, in Eq. (7) (P, #0) could not be determined. Thisis of 30-40 cal/mol "C, whereas the measured values represent
:_f httle consequence. since these coefficients do not contnb- only a few percent of the total. Our own preliminary heat
ute to the dielectric stiffness [Eq. (24) or the Gibbs free capacity results show similar behavior. However, this is not
energy [ Eq. (2) ] at zero bias (P, = = 0). entirely unexpected since the phenomenological model does

The dielectric siffiness expression in Eq. (24) could be not account for a distribution of phase transition tempera-
9tted to the measured data under the assumption of tern- tures, but rather presents an average of the macroscopic
perature ,nvariant a,3 and a,33. The calculated curve is crystal behavior for regions well above and below the transi-
shown as the dashed line in Fig. 10 based on the following tion region.
constants: The Gibbs free-energy function for SBN:60 possesses

continuous first derivatives with respect to PTand discon-
C, = 2.04X ×0 .  tinuous second derivatives, making SBN:60 a second-order

8, = - 245 + 20 "C, phase transition ferroelectric. However, .it is interesting to
a,, = 3.78X 0- (mz/C)z, note that the temperature behavior of the heat capacity is of

the form expected for a classic first-order transition, 9 this
a,,. = .40X 102 (m2iC) ". being due to the strong temperature dependencies of the

higher order Devonshire coefficients. Since these coeffi-
The calculated fit to the a-axis dielectnr c data is generap- cients tend to zero as T-0, the phenomenology suggests

lv quite good 0less than 3.5% error) except near To. Perhaps that the transition from macropolar to macrononpolar is te-
the most interesting discrepancy is the roughly 10 "C differ-
ence between the theoretical and measured dielctric maxi-in SBN:60.The highly regular temperature dependencies of the ma-

.The a-axis dielctric peak is also higher in temperature jor physical properties for SBN:60 permit the straightfor-than the c-axis peak by 6-8 C. The shift in temperature ward evaluation of several parameters relevant to device ap-
between the theoretical and experimental maxima of 6, may plications. For example, the commonly accepted figure of
be accounted for, at least in part, by fluctuations in P, such merit for longitudinal pyroeteetric infrared (IR) detectors i

that (P3) =0, but (P3') t0, above T,. This would also help P/ei3 Using Eqs. (p12) and (14),
to explain the small discrepancies in the theoretical and mea- U
sured values for the paraelectmc phase well above T. P/F3 = P3o(03" - 1"/6C31 , (28)

indicating that this figure of merit vanes only weakly with
the separation between the operating temperature, T, and

VII. DISCUSSION the transition temperature. Equation (28) is also valid for
The thermodynamic phenomenology developed for other SBN compositions (e.g., SBN.50, SBN.75), with dif-

SBN 60 may be applied to the calculation of other important ferences principally occurring in the value of 03' and, to a
crystal properties such as the entropy, S., and the excess heat lesser extent, P
:apacity Using the crystal free-energy expression in Eq. (2) Another parameter of interest for optical applications is

,ith P, = P, = 0 and the measured temperature dependen- the linear electro-optic coefficient, r,,. The linear electro-op-.
:Ies of the coefficients, the entropy is given by tic effect in bronze ferroelectncs may be considered a proto-

typic quadratic effect biased by the nonzero spontaneous po-
S - larization in the ferroelectric phase." Hence, along the polar

dT axis.
=I + 2a ( _ 7)-1/ = 2gr3P3eoe, = 2g,,P30 f0C)/( 3W - T)51. (29)

eo 2C, 3 whereg, is thequadratic electro-optic coefficient. Measure-
KR+I ao (0 - -2/3p4(2 ments of g3 on SBN crystals3 6 have shown this to be essen-

3 - -(25) tially independent of temperature, with a value of -0.10

Inserting the measured temperature dependence of P, into m'/C'. so that at room temperature the calculated linear
Eq. (2,5). we have coefficient for SBN:6Ois r,3 = 464X 10- m/V This value

S 0. 140f - 7)
1  a/ o Cis in excellent agreement with room-temperature measure-

cal/mol *C. (26) ments at optical wavelengths. "-' 4 although data at other
and therefore the excess heat capacity due to nonzero polar- temperatures are presently lacking. Howcer. considerable
ization below T is data for the temperature dependence of r,, have been ob-
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.atnc1 ~ N~ il't .,) -' are tr :ase 7"!1w 300 *C '-ou~a also serve to explain
G~i At -> rn zemp~ratire nre cquLj,.cnli -i he e% iatiol Of,,,, From thleextrapolated high.cemperature

o)--,~',hkped' u.x 2arl Curie-Weiss behavior, as shown in Fia. 10 A vrg m
.compicazons arising :rom mc-Jerare J:c-:rit io~-' A( polarization. P,, (P2) ''2. may be calculated from a least-

K. %%here rhe dielectnc o,;%es are onnidcrar~cw or squares fit of Eq (24) to the measured a-axis paracil-ectc
= 725<,10-' rn/V in general 3grecnicn, %krnm n rern- data usinge the temiperature-independent values for a,~ and

perature dependence predicted in Eq ,20 71ec iarzze a,- a,, calculated earlier Such a 6it shows a substantial non-
ues; indicate that g',, is substantially, hierter at rnidirneter zero ?, w hich declines nearly linearly with temperature up
w4a~e frequencies. Aith a computed 'alue c't approxirniateh' to - 410-300'C, in qualitative agreement wl, the results
0 00 m,/C2 from optical index measurements.' However, the calculat-

The linear electro-opric efftct at optical and miimeter. ed magnitude of P, ciritically depends upon the chosen val-
%,a~e frequencies is the high-frequency equi% alent ofthe lo%% - ues for the Curie-Weiss parameters C, and 0, in Eq. (24),
frequency linear electro-dielectinc effect. Howe~er. it must and hence cannot be determnined with particular confidence
be cautioned that although the room. temperature , alue for This uncertainty also exists to some extent in the interpreta-
/%, at optical frequencies is similar to the electro-dielectr-ic lion of the refractive index data, as it also depends upon the
alue (418X 10- 'm/V). their functional origins are vastly chosen extracolation of a linear high-temperature re-

diffe~rent. This is reflected in the temperature dependencies gion?".
with the linear electro-dielectinc effect in SBN 60 Followvine a While this analysis is adequate to qualitatively account

(0,, - 1T dependence. as may be deduced from Eq. for the deviation of -,, from Curie-Weiss behavior in the
(21 ). w;hereas r,3 follows a much stronger 01, - T) - ' ' paraelecrinc phase, the situation is more complicated along
power law Nevertheless, chese two effects do share a corn- (he c axis. In this direction, any spatially fluctuating (and
mon strong dependence on the value of the low-frequency possibly dy namically inverting) polar microdomains would
deectric constant, c,3. b~e perturbed by an ac measurement field, E3, and thus would

In the derivation of the phnenomenological constants for significantly contribute to the macroscopic dielectric polar-
SBN:60, we have made use ofthe measured c-axis dielectinc izability "' At the lowest order this would qualitatively lead
properties in the paraelectr-ic phase to determine the Curie- to an apparent change in the Curie-Weiss behavior of a3
Weiss constants C3 and 0,,. as discussed in Sec. V These ( Eqs. (6) and (8) 1, with the higher order terms contnbut-
constants were determined from the linear inverse suscepri- ing to the measured dielectric behavior by a considerabl-
bility region which exists above T, up to approximately smaller amount. By inference from the discussion of ferro-
250'C (Fig. 4) However, above 250 -C there exists a second electric stability given above, this contribution from fluctu-
linear Curie-Weiss region. with constants C; = 2.8 x V0 ating microdomains would necessarly extrapolate well into
and 0; = 134 *C, the latter being substantially above the the ferroelectr-ic region below T,. Further support for this
phase transition temperature. It has been postulated in the hypothesis is provided by millimeter-wave measurements,
work by Burns and Dacol"-" on bronze Sr..KNb5O,, which show anomalous c-axis dielectric losses at room tern-
(SKIN), and more recently in their work with Shalla etra/i" perature which diminish on further cooling to 77 K. 7-37

on SBN, that observed deviations of the optical refractive lICO LUON
index from a linear temperature dependence above r, may VflCO LUIN
arise from fluctuations in the polarization such that (P,) The experimental data for ferroelectric SBN 60 show
= 0, but (P 2) ,0, over a large temperature range. This that for a more realistic fitting of the data. the Tayor serits.

would necessarily affect the low-frequency dielectric proper- expansion of the Gibbs free energy must be taken out to at
ties as well. and may account for the change in slope of, in least the eighth power of the polarization, and that the coeffi
the paraclectric region below 250 *C. cients of terms up to the sixth power must be taken as runc-

This, then, raises the question regarding which values of tions of temperature. This phenomenological description
C, and 0) to use in the development of the c-axis phenomeno- should provide a foundation for future comparisons with
logy for the ferroelectr-ic phase. H-owever. evaluation of the other compositions in the bronze crystal family, and may
Ferroelectric plhenomenology using the alternative constants; also assist in uncovering potentially anomalous ferroelectric
from the high -temperature paraelectric region shows a rapid behavior in materials which otherwise may appear to have
divergence ot ill of the higher order c-axis Devonshire coeffi. well-behaved dielectric and polarization properties. It is
cients near the phase transition. leading to metastable energy iiotLworthy. however, that a more classical sixth-order
states and anomalous calculated hystercsis loops I his i%~ ini phenomenology with teinperaturecinvarant higher order co-
sharp contrast to the well-behaved. pretdictable temperature cfficiciit% still provides a useful, approximate description for
dependencies shown in Sec V This result, combinied with matty of the mcx~tired properties,"~ and has proven particu-
the phenomenological similariiies determined for oilier larly CleCiv for ioinparison% with other crystal faiie.
tungsten bronzes such is IISKNN.' leads uts to3 conclude I lie cmtihec ciglidi-order phenomenology is that of a
that /the lower temperature Ctirie.Wei%% region provide?. a1 %iniple proper Lry%tldhine ferroclectric. The highly regular
more valid description of the imacrosceopic paracleciric be- behavior of the phieniomenology suggests that this descrip-
havior of 513N-60 ais it aplies it) lite temperature chepeii- llon 1% perfectly .ilecquaie to accountl for the observed ferro-
dence of a, in ilic ferroelect nic phas~e electric prflpertiLsii SlIN-6() H owever. there has been some

The preseice of Ilticiuatiii polair iiicromain. in the 'nigge%iiun that SIIN may lie ani incommensurate phase Iran-
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Composition and Temperature Dependence of the
Dielectric, Piezoelectric and Elastic Properties

of Pure PZT Ceramics
Z. Q. ZHUANG, MICHAEL J. HAUN. SEI-JOO JANG, AND LESLIE E. CROSS, FELLOW IEEE

4bstract-Pre (undoped) piezoelectric lead zirconate titanate TPZT) temperature measurement apparatus, will be described in
ceramic samples at compositions across the terroelectric region of the the next section. The results of the measurements will then
phase diagram have been prepared from sol-gel derived line powders.
Excess lead oxide was included in the PZT powders to obtain dense be discussed.
i95-96 percent o( theoretical density) ceramics with large grain size
S> 7 ;,m), and to control the lead stoichiometry. The dielectric, piezo- II. EXPERIMENTAL PROCEDURE
electric, and elastic properties were measured from 4.2-300" K. ht A bot-gei method similar to the procedure descnbea Ln

ery low temperatures. the extrinsic domain wall and thermal defect
motions 'freeze out." The low temperature dielectric data will be used was used to prepare PZT compositions with four o
to determine coeftficenti in a phenomenological theory. The extrinsic eight mole percent excess lead oxide, depending on the
contribution to the properties can then be separated from the single composition. The starting zhemicals were lead acetate
domain properties derived from the theory. [Pb(C,H 30,)2 • 3HO], titanium isopropoxide

(Ti(OC3H)4], and zirconium n-propoxide (Zr(OC3H,),].

1. INTRODUCTION The lead acetate was dissolved in methoxyethanol
(CAH802) in a three neck reaction flask. To remove the

IraEZOELECTRIC lead zirconate titanate PZT) Ce- adsorbed water, a reflux condenser was connected to the
sn trcs have been used in a wide range of applications reaction flask, and the solution was heated until the tem-

ingce the 950's []. However, the growth of good quality perature reached l25'C tthe boiling point of methoxy-
nge crystals of PZT for compositions across the entire ethanol). After cooling the solution to 75'C, the titanium

phase diagram has not been accomplished. Clarke and isopropoxide and zirconium n-propoxide were added. and
Whatmore [2] have described the previous attempts at again heated to 125C to drive off excess methoxy-
growing single crystals of PbZrTi 0 3, and have found ethanol.
that crystals of reasonable quality can be grown within the The solution was cooled to -25'C with a liquid nitro-
ranges I > r > 0 84 and 0.25 > x > 0. but were un- gen isopropanol bath. The water for hydrolysis t4 moles
successful for values of x between these two ranges. HO per mole alkoxide) was first mixed with an equal

Due to rhe lack of PZT single-crystal data the devel- amount of methoxyethanol. and then added to the cooled
-pment of a phenomenological theory of PZT has been solution. By slowly heating the flask up to room temper-
:omplicated and involved indirect nethods of determun- ature kor higher depending on composition), the solution
mg the coefficients of an energy function [3]-[5]. Addi- gelled. The gel was then heated i a 100°C oven for one
tional experimental data is needed, to separate the sixth to two days until dry.
,rder dielectric stiffness coefficients (5]. Dielectric con- The dried gets were calcined at 800°C for one hour.
;rant measurements on ceramic sarples at low tempera- The calcined powders were then ground, and pressed into
lures. Where the extrinsic domain wall and thermal defect pellets without binder under a pressure of 50 000 psi. The
-notions "freeze out" [61, ('71, may provide this data. green pellets, with four to eight mole percent excess lead

Pure homogeneous PZT ceramic samples at composi- oxide, were sintered on platinum sheets in a set of eau-
'tens across the phase diagram have been prepared from mina crucibles with a lead source powder. The ampies
,ol-gel derived fine powders. The low-temperature di- were sintered frm 1000°C to 1260°C for 20-60 h de-
:lectno. piezoelectric, and elastic properties were mea- pencing on the composition. The sintered ceramic 3am-
,ured from 4 2-300 K. The procedure used to prepare the pies had densities of 95 to 96 percent of theoretical den-
sol-gel powders and ceramic samples, along with the low sity. and average grain sizes larger than 7 ;m.

X-ray diffraction patterns of the calcined powders

lanuscpt received May 8. 1987- accepted December 15. 1987 showed that both perovskite PZT and lead oxide were

Z. Q Zhuang. S. I lang. and L. E. Cross am with Matenails Re.ae present. However, after sintenng, no lead oxide diffrac-
,..ooratory. Pennsytvania S-aw Lnaersaity. niverstry Put. PA &6802. tion peaks could be detected, irdicating that the excess

M I Haun was with the Materials Research Laboratory. Peansylvania lead oxide was volatilized during sntenng.
State University. University Park. PA 16802 and is now with The DuPont
Company. Building 334. Experimental Station. Wilmington. DE 19898. The ceramic samples were sputtered with gold elec-

IEEE Log Number 8927872. trodes, and poled with electric fields of 20-40 KV, cm
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,or 4-30 mi. The piezoelectric strain coefficient d33 was ico.
then measured using a Berlincourt Piezo-d 33 meter to de- 1 .001
termnne the completeness of poling. The poled discs were
cut into bars, cylinders, and discs according to the IRE

S750.Standards (9]. ,
The apparatus used for the low temperature measure- 2

ments was composed of an Air Products and Chemicals 250

model LT-3- 110 cyrogenics system, which can stabily
control the temperature from 4.2" K to 3000 K. The di- "1 5 ' 2'5 15 55 is 35

electric and resonance properties were measured on a MOLE % . F01ro,

Hewlett Packard 4270 A automatic digital capacitance Fig. I Dielectric constant for poled and unpoted ceramic samples at oo-

bridge and 3585A Spectrum analyzer. The samples with emperature plotted versus composition

thermal-resistance wire attached as leads, were shielded ?Et1;AGOA N0M8CHE(ORAL

in a copper enclosure. The samples were first cooled down ,o , •M

to 4 2* K. and then the measurements were made during 0
heating to 300' K. The IRE standard method (91 for pi- "s
ezoelectric resonance measurements was used for the cal- eccl-
culations. A I

6 52,48* -

III. RESULTS AND DISCUSSION t
Z 5C 2/48t'-L

The dielectric constant measured at room temperature

and I-kHZ was plotted versus composition for poled o 4./6 0

(measured parallel to the poling direction) and unpoled . .,
ceramic samples in Fig. 1. The peak in the dielectric con- i 6

stant occurs close to the morphotropic phase boundary be- 3 50 00 50 ZO 2o zoo Zeo 3c0

tween the tetragonal and rhombohedral phases at a corn- TEMPCERATR X)

position of approximately Pb(Zro 52Ti,8)03. By poling (a)

the samples the dielectric constant increased and de- 0030

creased for the tetragonal and rhombohedral composi- 0025 -

rions, respectively. 020*

The increase of the dielectric constant when paling the 001.
tetragonal samples was oreviously explained (10] as being 01 0
due to the elimination of the effect of compression of the 3 . ' 0 ** " ,

180-degree domains. This occurs due to the virtually 4 °
complete 180-degree domain reonentation along the pol- 0 0 00.

ing direction, and dominates the decrease in dielectric . oo,,
constant from 90-degree domain reorientation. - o 2i 44

For the rhombohedral compositions, the dielectric con- , ' m ' ..

stant decreases when poling the samples. This net de- . •
crease occurs. because the decrease of the dielectric con- 60,4"
stant due to the 71 (109) degrees domain reorientation 05 05

dominates the effect of the removal of compression (101. 000.

The dielectric constant and dissipation factor for sev- TemperaurttK)

eral PZT compositions measured at l-kHZ are plotted (b)

.ersus temperature in Fig. 2. The dielectric constants of Fig. ".. PZT ,omposition plotted -ersus ,emperature. aj Dkeiectnc I

the compositions close to the morphotropic boundary st. ib) Dissipauon factor.

showed a much stronger temperature dependence than the
compositions away from the boundary.

Broad peaKs in tne dissipation factor versus temperature Fig. 3 shows the temperature dependence of the cou
were found to occur at 225-250* K for the rhombohedral pling factors k~1 and k33 , piezoelectric strain coefficients
compositions and at 00-150 ° K for the tetragonal corn- d,1 and d33, elastic compliance coefficient s . and 're-
positions. The different activation energies for domain quently constant ,V4. The compositions close to the mor-
wail motion in the tetragonal and rhombohedral samples photropic boundary again showed the largest temperature
would possibly account for these loss peaks. and is pres- dependence.
ently under further investigation. The PZT 52/48 com- The compositional dependence of the elastic compit-
position, which showed coex:stence of both tetragonal and ance coefficient sf1 , the frequency constant .4. Poisson's
niombohedral pnases. had loss peaks in both temperature ratio ', and mechamcal quality factor Q,, at 4 2 and 300
ranges. K are shown in Fig. 4. The effect of the morphotropic



-4CO'1O" ', AEMPERATLRE DEE,DE1,CB OF PROPERTIES OF NLRE PZT CERA.ICS

-ETRAGCNAL ;mOMBOHEDRAL .- TAGCNAL P"OMOHECRA.

0 * 5/4,

0049 0 0 000 360*0,L 52/48 -,'48 0e
.50/50 0

.4: " r3sO,- ,{eO:4oezse 0/40. '.0

44

* '9* 4 r ,, t9 ,+4 94/6 *'

-4C/60 ' H ~
4

V

, 1 094/6 4

o o It ,2002 W 0 o 0 to , oo; o ,250 300 0 0 200 250 0 50 050 2002' 300

TEMPERATURE (K) TEMPERATURE )

(a) (b)

TETRAGONAL RIMOMSOHEORAL - TETRAGON,A. RHOMBOHEORAL

Z48 52/48- 52/48
0  0  

52 48.

604 1 0

4 0/o0 40- - ..
0 ," *"

... ... 9,, 1 /.

3 50 CO 50 200 50 3 50 00 50 ZOO 250 3C0 3 50 C0 0 200 250 3 .50 00 50 2C0 250 5C0
tEMPERATURE K -EMPERAT1-RE K)

ic) id)

"ETRAGONAL RHOMBOHEORAL -ETRAGONAL 40MBOHEORAL

" - • • • ______._....___ o,_______,

2 , I o,65o/5c *' I
." * ' *00i..,48

2 00/4

0504 Z 10*0
4/ 2/-48* 0  e0/0

")" 40'60 t, , , , • ::x

= •, , , .* s,• 94'6 i 2452/48}

.4. , 2 !'3
*444 524 00,0I,

50 00 50 200 250 0 50 00 is O 00 25 0 005200 250 0 50 00 50 200 Z50 300TEMPERATURE iX) TEMPERATURE Kl

(e) (f)
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boundary between the tetragonal and rhombohedral phases k95 to 96 percent of theoretical density) ceramics with
can be seen in this figure, along with the effect of the large grain size (> 7 Am). and to control the lead stoichi-

norphotropic boundary between the ferroelectric rhom- ometry during sintering.
bOhedral and antiferroelectnc orthorhombic phases near The d:electmc. piezoelectric, and elastic properties were
Jie PZT 94, 6 composition. measured from 4.20 K to 3000 K. At very low tempera-

lures the domain wall ar, thermal defect motions "freeze

IV CONCLUSION OUt." The compositions near the morphotropic phase

boundary had the largest temperature dependence. Di-Ae so-gel method was used to prepare pure PZT pow- electric loss peaks were found to occur from 22. K to
ders acss the ferroelectdnc region of the phase diagram. 250 ° K for the rhombohedral compositions, and from

was included i the powders to obtain dense 100 ° K to 1500 K for the tetragonal compositions.



APPENDIX 34



Temperature Behavior of Dielectric and Piezoelectric
Properties of Samarium-Doped Lead Titanate

Ceramics
J. N. KIM. MICHAEL J. HAUN, SEI JOO JANG, LESLIE E. CROSS. FELLOW, IEEE, AND X. R. XUE

Abstrct-The dielectric and electromechanical coupling properties ingle crystal ,.onstants determined from a phenomeno-
of Sm- and Mn-doped PbTiO3 ceramics were investigated from 4.2 to logical theory of PbTiO3 [7]. These predicted properties
300" K. The upper and lower limits of the ceramic dielectric and pi- will be referred to as the intrinsic contribution to the ce-
ezoelectric properties were caculatea by averaging the single-domain
constants that were determined from a phenomenological theory. ramic properties. The unusually small values of piezo-
Comparisons of the measured and calculated properties were then electric coefficient d31 were also explained according to
made. The measured dielectric permittivity j and piezoelectric strain the recent results of Damjanovic et a!. [9], [l0].
coefficient d13 appear to De mainly due to the averaging of the intrinsic
single-domain response. The large piezoelectric and electrome2hanical EXPERIMENTAL PROCEDURE
anisotropits present in modified PbTiO, ceramics also appears to be The composition investigated ,i this study as
an intrinsic property of the material. The piezoelectric coefficient ad,, T
as well as the planar coupling coefficient k,, were found to have ve"y Pbo ssSmo to) (Tio 98MnO 02) 03. Reagent grade oxides.
small values over two temperature regions. from 120 to 170* K and PbO, Sm10 3, TiO,, and MnO were mixed and milled tor
from 240 to 270' K. six hours using zirconia balls, then dried and calcined in

a closed alumina crucible at 900'C for I h. The calcined
INTRODUCTION powder was pressed in a die at 5000 psi to form green

disks. These disks were fired at 1200°C for I h in a closedAf OpDIFIED PbTiO ceramics that show large aniso- crucible with a lead source. The final density of the ce--ltropic piezoelecmrc coupling at room temperature r

were recently reported [1-(4]. The temperature behavior ramic samples was better than 95 percent of the theoreti-
of the piezoelectric properties of Sn- and Mn-doped cal value. Disks were cut to several different shapes and

PbTiO 3 were also investigated [5]. It is interesting as well dimen gons to measure the dielec c and electromechan-
as Iportnt o unersand hy tesemodiiedPb~i3 tal coupling coefficients. Reshaped samples were elec-as important to understand why these modified PbTiO3 troded with sputtered gold and poled in silicone oil with

ceramics have such a large anisotropic electromechanical troded wt s0 god a d ol 5 sc oil wt
couping ropety.a field of 60 kV /cm applied for 5 min at 150"C. All ol'coupling property. t

In this study, the dielectric properties, and tan 6. and the samples satisfied the dimensional requirements of thr
i3, IRE standards on piezoelectric crystals [8]. The sampit

electromechanical coupling properties, d31, d33, k,, and weecrflyonctd ihvryieslerie t1were carefully connected with very fine silver wire and
k,, of 10 mole percent Sm- ind 2 mole percent Mn-doped suspended n a vacuum i an i-house made holder on an
PbTiO3 ceramics were investigated from 4.2 to 300* K. s u c u i an ino de hoenian
At low temperatures, the thermally activated contrbu- r Products and Chemicals Model LT-3-ie0 cryogencs
tiens to the dielectric and coupling properties "freeze system. The dielectric properties were measured ond
out." These contributions will be referred to as extrinsic Hwlet Packard automatic capacitance bridge model
contributions. The observed temperature behavior of the vesgated by the resonance method using a Ho were
material properties, J3, d33 and d31, were compared with vetgtdb h eoacemto sn elter limits of th, ermic rom pres Packard spectrum analyzer model 3585A. The planar andpredicted upper and lower hmts of the ceramic properes thickness resonance frequencies were approximately 262
[61 that were calculated by averaging the single-domai and 295 k-z. respectvely, due to the sample geometes.

Manuscript received March 25. 1987, accepted August 1i, 1987 This RESULTS AND DISCUSSION
,vork was supported by North Amencan Philips Corporation.

J N Kim is witn the Physics Department. Pusan University. Pusan. Two samples with the same composition and fabricated
Korea by the same procedure were studied. The relative dielec-

M I Haun was with ,he Materials Research Laboratory. Pennsylvania Ic permittiivty e33 and dissipation factor tan 6 were mea-
State University. University Park. PA 16802 and is now with The DuPont
Compmy. Buiidng 334. Expenmentat Station. Wilmington. DE 19898. sured at I kHz from 4.2 to 3000 K. These measurements

S J Jang and L. E. Coss are with the Materials Research Laboratory. are plotted in Fig. 1(a) and l(b).
Pennsylvania State University. University Park. PA 16802. The dielectric permittivity of ceramic PbTiO3 was cal-

X R. Xue is with Naning Institute of Chemical Techno!ogy. People s
Republic of China. culated usmg series and parallel models in [6]. These cal-

IEEE Log Number 8927867 culations were adjusted by shifting the Curie temperature
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Fig i ,a) Relative dielectnc permirttvities ej Solid curves are calcula- b)
ion of upper and lower hmits ot intnnsic ceramic permittivity ib) Dis- Fig 2 Piezoelectrc strain coefcients a) J, and ,b) J,, plotted ,ersu3
,ipation factor tan 5 at 1 kHz Diotted versus temperature Data points are temperature Data points are exenmental measurements and soud cures
cpertmentai measurements are calculations of upper and lower imits of .he ntrinsiC piezoeiec:nc

response Insert in (b) illustrates measured temperature dependence ' ond
curve) compared with results at Damjanovic. et 2i [91. [10! dabhed

T, ,o 300'C to match that of the samples fabicated in this curve)
study In Fig. l(a). the experimental and theoretical per-
mitivities are compared. At low temperatures where the
e'trinsic contributions, such as thermally activated do- upon the HP 3585A analyzer vas too weak to measure.
main wall and defect motions. have "frozen out".' the as shown in Fig. 3. with the resonance at 300' K for com-
igreement is fairf, good -ks the temperature is increased. panson. This suggests that the 1RE standard method may
,nly a small difference develops between the expenmen- not be adequate near these two temperature regions.
,al and theoretical permttiitnes. indicating that the po- The exceedingly small frequency differences between
'anzabilty is still largely due to the intrinsic averaging of parallel (f,) and series (f,) resonances may not be close
the single-domain response. enough to the differences between the maximum (f.) and

The dielectric loss measurements are shown in Fig. minimum (f) impedance frequencies. The vector imped-
1 b) Below about 500 K the loss decreases very rapidly, ance method is more accurte in obtaining greater preci-

-*hch suggests that the thermally activated contributions )ion in the case of immeasurably :mall resonance regions
to the dielectric properties freeze out quickly at low tern- like these.
peratures. Damjanovic et al. [91, ( 10] used this method to measure

The measured piezoelectric coefficients, J 3 and d31, are the complex values of the materil constants d,,.,. and
,nown in Figs 2(j) and 2(b) along with the calculated e*) They found that the real part of the di, coefficient
ipper and lower limits of the intrinsic ceramic piezoelec- changes sign and becomes posituve at high temperatures.
,nc coefficients These calculations were made by shifting This result is illustiated in the insert in Fig. 2(b) by the
the Curie temperature to 300'C, as was done with the dashed curve (note that the negative d0, Is plotted) The
fielectrc data. using the results of [6]. The experimental sign of d31 could not be measured using the resonance
d,, data falls between the predicted upper and lower limits method in this study, and theefore was not assamed to
'.vith a similar temperature dependence. This indicates that change sign at T, However, a change in sign would ac-
,he measured d33 is mostly due to the intrinsic single do- count for the immeasurably small resonance region at T,
main response. Damjanovtc. et al. 10] also found that below T, the d,

The dil measurements also fall between the predicted coefficient formed a peak (when plotting the negative dl,
uppe, lower limits, except over two temperature regions. as in Fig. 2(b),. this would be a minimum with a value
from 120 to 1700 K and from 240 to 270* K. Over these approaching zero) at about 1250 K. This behavior prob-
temperature regions, the resonance spectrum displaced ably accounts for the small resonance region at T1.
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z SAMPLE 2
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FREQUENCY
F-.g 3 mkdmitance plotted versus crequency at 30O* K (curve 1) and at 0

temperature within temperature regions where resonance was too weak c
to measure (curve 2).

j 100 ZO 30

The change in sign of the d31 coefficient at T', to positiveTEPRUE()
values at high temperature was explained by Damjanovic a

er al. [101 as being due to the positive extrinsic contri- z
20-

butions that dominate the negative intrinsic contribution. -T-AML

This appears to be possible, since the intrinsic 431 is very S5AMPLE 2

small. In [61, Elhe small values of the d3 l coefficient and
thus large piezoelectric anisotropy (d33/d, 1 ) of PbTiO3  -&

ceramics were shown to be due to the intrinsic averaging o- -, 00

of the single-crystal eiectrostnictive constants. The pos- 4- 90 0
sibility of a change in sign of thie intrinsic d3 l due to a L "

slight variation in the single-crystal electrostrictive ami-
sotropies ( Q, I/Q12 and Q44/ Q12) was also demonstrated. I

The planar coupling coefficient, kp, is plotted as a func- 0 00 z00oo
tion of temperature in Fig. 4(a). In two temperature re- TEPEAUR

gions, as discussed for d31, kp becomes extremely ;Mai". ig 4 Planar coupling (a) coefficient k, and (b) ratio k,l kc, plotted versus
The thickness coupling coefficient. k~, is weakly depen- :emperature.
dent on temperature and has a value of about 46 percent.
Fig. 4(b) shows the ratio kr/kp, plotted versus tempera- erties. The generally large piezoelectric and electrome-
ture. This ratio becomes very large in two temperature chanical anisotropies present in modified PbTiO, ce-
regions, 120 to 170' K and 24-0 to 2700 K. These large raisaprtobannrnicrpeyofhemeil
electromechanical anisotropies indicate that this material aispertobannrnicrpryofhem eil

would be usefil in ultrasonic transducer applications. ACKNOWLEDGMENT
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J. Am. Ceram. Sc.. 71 1(51 C.S0.-C-282 (1988) However. they favored structure II. Their
rationale for this favored structure wasSol-Gel Processing of Lead Titanate in based on the apparent low volatility and
high viscosity of the sol. These same prop.

2-Methoxyethanol: Investigations into terties suggested. to us. the polymeric
structure

the Nature of the Prehydrolyzed Solutions OR

THOMAS W DEKLEVA," JAMES M. HAYES, LESLIE E. CROSS," kND Ti-O-Pb-O

GREGORY L. GEOFFROY OR

Materials Research Laboratory and Department of Chemistry. The Pennsylvania State University.
University Park. Pennsylvania 16802 IV
A previously developed sstemfor the sol-gel processig of lead tttanate powders The subject of inorganic polymers is cur-

prevousy dvelped ystm fr te so-ge prcesingrently of great Interest to the chemical
and films has been analyzed by a ariety of spectroscopic, chromatographic, and omty re fre to te e r

community " Therefore, we turned our
wet-chemical means. The results indicate that refluxtng Pb(OAc)2 3HO in attention toward attempting to differen-
2-methoxvethanol is accompanied by the volatilization of 0.5 equiv of organic tiate these two possibilities. To do this.
acetate and results in solutions containing what is believed to be anhydrous basic an analytical method was developed for
lead acetate. 3Pb(OAc1:'PbO This zas been isolated as its monohydrate. which the analyses of the volatile organic com-
ias been fully characterized by elemental (C. H. Pb). infrared. 'H ,VR. and XRD ounds released during the course ot these

analyses. The anhydrous salt generated in situ reacts further with TiOR)4 under preparations.
,efltux conditions to liberate more organic acetates. The final stoichiometries In doing this work, ,e have also nad the

:one olattlized acetate per lead) tend to preclude the possibility that signifi- )pportunity to address a second question
cant amounts of polymeric intermediates are generated. Analyses of the organic nore related to processing of these r Ies of

volattles also indicate that, at least under our conditions, significant trans- compositions. Payne and co-workers re-

alcoholysis of the precursor Ti(OR), (R =Et, i-Pr, n-Pr) occurs (80% to 90% ported that DTA curves for PT-precursor
powders derived from Ti(O-i-Pr), differed

replacement). The conclusions and consequences of these and related observations from those denved from Ti(O-n-Pr),. the
are presented. former exhibiting a single sharp exotherm

of -'300C. whereas the latter exhibited ad-

SOL-GEL processing is one of several lead titanate LPT) system. Gurkovich and ditional exotherms at higher temperatures

methods currently under investigation Blum' ' reported that the reaction between 1430* and 500'C). depending on the extent

for the preparation of electroruc and high- Pb(OAc) (which was dehydrated in situ by )f hydrolysis. Film morphologies report-

technology ceramic materials. Because of retfluxing the hydrated salt in 2-MOE) and edly also showed differences The obser-

the intrinsic nature of the synthetic schemes TI(O-i-Pr). in refluxing 2-MOE results in vations were interpreted as being due to the

available, this type of processing offers sig- liberation of an unquantified amount of iso- different organic groups present. However,

nificant advantages such as higher purit, propyl acetate. On this basis, they proposed Toi OR). complexes are knco- to undergo

molecular homogeneity, reduced process- a condensation reaction between these alcohol exchange reactions. , . id. in ouch

,ng temperatures. and unique fabrication components which, though not cited as systems, the established equilibria are

opportunties over conventional processing such, was completely analogous to trans- driven to completion by removal of the
methods.p ' p estenfication reactions involving bulky or- more volatile alcohol (ROH)

The chemstry of the gelation step nor- ganic acetates.' for example TiIOR), -4R'OH Ti(OR'), -4ROH
mally involves the controlled hydrolyses of M(OR).+XCH 3COOR'- (2)
single-component or multicomponent
alkoxides to form a three-dimensional net- M(OR)._,(OR')-rCHCOOR (I) In this case, the boiling points of pure
work of metal-oxygen linkages. Part of the where M=Ti, Nb; n=4, 5; R'=t-Bu, i-PrOH (82.4"C) and n-PrOH (97 40C) are
versatility of this technique arises from the Pb(OAc). They also speculated t- the much lower than that of 2-MOE (124 60C).
fact that the soluble inorganic salts can be he Condensation of expected azeotropic mux-
incorporated into these networks, by either b- or rimetallic structures, for example tures should allow for efficient removal of
actual chemical reaction or simple entrap- the more volatile alcohol, and a pnon ex-
ment in the gelled matrix. Several groups OR pectations would predict that under the
have recently taken advantage of the solvat- reaction conditions, complete or near-
ing ability of 2-methoxyethanol (2-MOE) RO-Ti-O,-Pb(OAc) complete trans-alcoholysis would have
to develop syntheuc schemes for the pre- I transformed both Ti(OR). precursors into
parations of a series of lead-containing per- OR the same species, namely Ti(OR'). (where
ovskite materials in the lead lanthanum R' is the alkyl group of the solvent al-
zirconate utanate system' using lead ace- cohol). Because the differences in the re-
tate. Pb(OAch'3HiO, as the precursor. OR OR ported DTA curves and film morphologies

Several points in these reports at- I suggested that this was not the case, we
tracted our attention. For example, in the RO- Ti-O-Pb-O- Ti-OR considered it necessary to determine how

I I efficiently the volatiles were removed in
OR OR these reactions. Preliminary data are pre-

Cowntieutmo Eoroa-B. M. Mouoa. sented here.

OR EXvERmENTAL PROCEDURE
Manuscripi No. 499=. Rcet May 13. 1987: The chemicals Pb(OAc):'3HzO,*
v :N, S.RO-Ti-O-Pb-OR' Ti(OEt),' Ti(O-i-Pr)4,' Ti(O-n-Pr),.' and

n z.ttmgra' . J. T. Ba.c Cbm aCo.. tauI OR 2-methoxyethanoli were used as supplied.
AI'ps ro..UK. Manipulations with the moisture-sensitive
'Alf&h um , M.[cdA.'Aktnb Ch= Co.. Mauk. Wt. in Ti(OR), complexes were done under an-
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Pb{OAc.,'3HO Table I. Summary of the Quantification of the Volatile Organic Constituents Formed
in 2-MOE Dunng the Syntheses of PT-Precursor Powders
heat to 1230C, fraction I

gold solution Concn Charged Recovered' mmol) Total Pbl fmmolimmoii
I 0 equiv Ti(OR) Expenment, M Pb(OAc) 3H,O' rmmol) ROH ROAc R'OAc Alcohol Acetate

•to 123'C, fraction 2
yellow.gold solution PT (Et):* 0.13 17 34 53 25 0 14.62 307 0 84

dilute to IM to IV PT (Et):* 4.0 47.77 105 61 16.97 37 60 2 65 I 14
cool to -20* to -25'C PT (-Pr) 0.15 17.11 63 66 0 6 85 3 72 0 .0
hydrolyze (4 H2O/Ti) PT (-Pr) 4 3 42.52 114 58 18.26 15 78 3 36 I 04
warmtoroomtemperature. <30 min PT (n-Pr) 014 1838 6796 048 1448 372 081

transparent gel PT (n-Pr) 4.4 43.63 100.75 28.14 15.10 2.95 0 99
dry under high vacuum PbO' )5.9 13.5 0.5fraction 3 PbO** 26.3 14 1 05
grind, sieve

PT-precursor powder TiO2 18.4'" 65 3.5
,Designauons in parentheses give nature of R group in Ti(ORL, precursor 'Except for final three enties. reaction

Fig. 1. Sol-gcl preparation of PbTiOs- stoichionmetry Pb(OAc)23H0,TiIOR) 4-1, 1.sothatmnolofPbOAc)?3H:0-mmu, ofTnOR4.. Rcorresponus to
organic moiery associated with Ti(OR)4 precursor (given n parentheses in column 1). R, rfers to alkyl group ofprecursor powder. solvent alcohol. CHIOCH-CHOH. 'Ratios of toUl recovered alcohols (as ROH and ROAc) to charged T(hOR), and
acetates (as ROAc and R'OAc) to charged Pb(OAc 1 -3H 0 give measure of overall stotchiometry. theoretical limits
for alcohol and acetate are 4 0 and 2.0. respectively 4Wat-r added after dehydrauon step. "Solution taken to dryness
without addition of water "No lead involved, only TiO7(O-Pr, "The "rtOEt), used was conaminated by TaO.-Pr ,

hydrous conditions: however, only the tI15%. determined by H NMR)
Ti(O-i-Pr). was assayed gravimetrically.

Gas-liquid chromatographic analyses
of the organic volatiles were made using a 4M, though these were diluted to IM to 2.W leaflets. Anal. Calcd for C:H2oO,,.Pb,. C.
gas chromatographl equipped with a flame prior to hydrolysis. (d) Hydrolyses were 11.84, H. I 66: Pb. 68.1. Found. C. 11 -9.
intensity detector, using a 6 ft (1 8 m) by accomplished by adding dropwise acid-free H. 1.42; Pb, 67 6. 'H NMR (200 MHz)
0.125 in. (0 32 cm) column." deionized water (4 HzO/Ti) dissolved in 8,m... 2.495 (1 H), 2.485 11 H), 1 715

The column temperature was pro- 2-MOE to cold (-20° to -25C) precursor (18 H). IR (cm-'=4): voH= 35 24 (m. sh).
gramuned to increase from 70' to 2200C at solutions. On warming to room tem- 3463 (br, vs); PoA,= 1566 (vs), 1511 (vs).
12*C/mun. In the cases where EtOAc was perature. the homogeneous solutions set to 1406 (vs), 1335 (m). The XRD patterns
liable to be present, partial overlap of the yellow-gold transparent gels within of samples prepared as either Colloidan
EtOAc and 2-MOE peaks necessitated that 30 min. (e) Entrapped solvent was re- smears or double-sided tape mounts
a slower temperature ramp be employed moved from the gels by room-temperature were consistent with this formulation, but
initially. In these cases, the column was trap-to-trap distillation, using standard showed a time-dependent transformation to
heated at either 2* or 4*C/nun for the first high-vacuum techniques. All distillate frac- a yet unidentified species (vide infra).
12 to 13 min (until the 2-MOE peak was (ions (i.e., those obtained before and after
completely removed). Even so. partial addition of Ti(OR), and from the gel deso- RESULTS AND DISCUSSION
overlap still existed, making quantification Ivation) were analyzed quantitatively for The results of the study relating to the
difficult. Samples for analyses were pre. the constituent alcohols and alkyl acetates, quantification of volatilized organic com-
pared using toluene or m-xylene as the i- as described above. pounds (Table 1) show that. irrespective of
ternal standard. Errors in the reported To determine more directly the fate of the reaction scale or nature of Ti(OR)., at
values are estimated to be 5% to 8% the charged lead acetate in solution after the least over this limited range of expen-

Infrared spectra were obtained on dehydration step. but before the addition of rents. .he formation of PT-precursor pow-
a Fourier transform spectrometer" the Ti(OR).. the following experiment was ders is accompanied by the loss of -I
i =4 cm") using samples prepared as conducted. The volume of a solution of equiv of acetate and >3 equiv of precursor
KBr pellets. Pb(OAc):-3HO (7 2 g, 19 0 mmol) in alcohol per charged Pb or Ti compound.

Solutions and gels leading to the for- 2-MOE (initially 50 mL) was reduced by While Gurkovich and Blum' implied that
mation of PT were prepared by a procedure Jistillation until the solution temperature the precursor alcohol and acetate were re-
which was a modificauon (Fig. I) of that reached 150"C, at this time, the gold. moved as precursor alcohol acetate, we
given by Gurkovich and Blum.' We made water sensitive solution was separated into determined that the amount of precurso
five modificauons: (a) The reaction scale two e-qual parts, each of these being re- alcohol acetate formed was very dependent
was reducet (Table I) so that the inital sol- duced to an oily, yellow-gold wax at room upon the reaction concentration. Under
vent volumes vaned from 75 to 300 mL. temperature under high vacuum. Reagent- dilute reaction conditions, most of the
(b) The extent of heating was governed by grade tetrahydrofura (THF. 50 mL) was liberated acetate is removed as the solvent
the temperature of the vapor condensing in added to the first ponion under N1, produc- alcohol acetate, with little precursor alco-
the still head of a standard distillation as- ng a white slurry. This was washed with hol acetate formed. Under concentrated re-
semblage and not only by the temperature THF and anhydrous diethyl ether tEtO) action conditions, the amount of precursor
of the solution The reaction solutions were and air-dried to yield a white powder alcohol acetate formed increases as the
heated until the temperature of the condens- (2.43 g). whose spectral parameters dR, amount of solvent alcohol acetate formed
ing vapors reached that found for pure 'H NMR) were identical with those given decreases. This of course is the result of
2-MOE (under our conditions, this was below. To the second portion, reagent- the different equilibrium concentrations
found to be 122" to 123"C); under these grade i-PrOH (50 to 80 mL) was added, present under dilute conditions as opposed
conditions, solution temperatures rarely ex- again producing a white slurry, which was to concentrated conditions.
ceeded 135C. (c) The final concentrations transferred under N, to a 750-mL Erlen- The fact that only one acetate per lead
of lead and utanium in the prehydrolyzed meyer flask. The rmxture was heated to is released dunng the reaction sequence
solutions ranged arbitrarily from 231f to boiling with rapid stirnng and concomi- tends to eliminate the possibility that

tant additions of t-PrOH until the mixture structures Il and IV (see Introduction) ex-
cleared to a colorless solution. This solu- ist to any significant extent. Rather.
tion was removed from the heat, sealed, structures I and/or I would be consistent
and allowed to stand undisturbed over- with our results. It should be recognized*Alto,. t Sene. VCA.m tnint Group..ao night. The resulting mixture was filtered in that if structure 11 is present, the coin-Alto. CA.

Nodel 80/100 Crbopack C,'O lI SP 1000, Sup- air, the solid being washed w-th i-PrOH and positional stoichiometry requires the pres-
eico. toc.. Beilefoae. PA. EtO, and air-dried to yield 3Pb(OAc)2. ence of an additional equivalent of
C. **ModelR-32IM Insarumei.lnc.,Dan". PbO-H2O (2.35 g, 7.7 emol) as white Pb(OAc)z. Infrared spectra of the PT-



C-282 Communications of the American Ceramic Society May 1988

Table II. XRD Pattern Data for 3Pb(OAc)2-PbO-H20' is, because the Jifference in boiling points
Phase I 3Pb(OAci. PbO-H.O Phiase 2 Expansioni t% of isopropyl alcohol (82.4'C) and ri-propyl

5 926 (14) 5 956 (32)* 6 088 (43) 2.73 alcohol (97 40C) is so large, the latter sys-
4 575 (1) 4 553(f31) 4 848 (1) 5 97 tem will tend to retain relatively more of the
3 943 (22) 3 959 (35)' 4 058 (27) 2.92 precursor alcohol in the final mixes, unless
3 296 1) 33'03 (30) 3.401 (1) 3 19 the reactions are driven to completeness.
2.954 1100) 2.964 (100) 3 038 (96) 2.84 Even under our more driving coniditions.
2 633 nl 2 620 (13) 2.706 (1) 2.77 n-propyl alcohol was unique in that it
2 365 76) 2.368 (82)* 2.433 (100) 2.88 was the only system in which some pre-
1 96) IS5) 1 972 (31)0 2.027 (25) 2.95 cursor alcohol was recovered in the hydro-
1 689 (<0) 1 695 (6) 1 740 (1) 3 02 lysis step. Certainly, more detailed studies

1 758 (11), are required before any definite conclusion
1.478 (1) 1.520(t) 2.84 is made.
1.313 (5) 1.352 (4) 2.97

Pisame I arnd 2 are defined in the text. The d spacings are in Angstroms SUMMARY
(I x i0-ini asnd values in parenthese give observed and reported relative petwsabevekhtth omaino
ntensisies il/I Traken from Ref 13. but is not intended to represent the entire listing Pbtas bserved powd e foi atsone was
for this materi b~ these authors Rather it is presented for comparative purposes only P~O3 rcro odr i o-e a
Asterisks 1 . designate peaks orevtousiy assied with preferred orientation 'Gives-Ieuvo
relative increase in d spacing for peak in phase 2 with respect to cotresponding peak accompanied by the loss of Ieuvo
in phase I 'Outside range reported in Ret 13 acetate and >3 equiv of precursor alcohol

per charged Pb or Ti. The ielative oropor-
lions of precursor alcohol, precursor alco-
hol acetate, and solvent alcohol acetateprecursor powders could not dif- The leaflet nature of the isolated basic -

ferentiate the* two structures. showing ab- lead acetate had significant effects on the formed as a result of the formation of such
sracsattributable to acetate stretching XRD patterns. Kwestroo and Langereis3  powders were determined to be dependent

modes identical to those of Pb(OAc) 2-3H-2O have reported that certain peaks in the XRD estn trao n ser etatfuing Itwacter
(1561 (s), 1401 (s). 1337 (in) cm-'). patterns of powdered basic lead acetate ex- estin a 2-Oer lieat esn 0 5 equivo

Perhaps the most unexpected Finding hibited disproportionately large intensities solven acoho ac eates n th abence of

in this study was that reluxing Pb(OAc)2- due to preferred orientation. With the sioent anthatbala acetate.i h bsneo
3H2O tn 2-MOE liberates 0.5 equzv of present leaflets. XRD patterns taken imnie- 3P(OR)s. and ha bOas islatd asetatre-
organic acetate, even in the absence of diately after sample preparation (in fact, su(0cz--tC ofs suchte reaction.
added TiiOR).. The resulting solutions while the isoarnyl acet~aie/Colloidan binder sl fsc ecin
were gold colored. exhibiting an almost was still wet) shlowed the presence of ex- AKOLDM2N
metallic sheen. Also, these solutions were tremely strong peaks. the positions and WeCthank DrGAMettngeT o epuicsin
water sensitive, immediately decolorizing relative intensities of which corresponded W hn rAHrigrfriepu icsin
and eventually precipitating a white solid exactly to those indicated as being due to RFR~~
on its addition. This observation led us ini- preferred onentation (Table 11. phase 1).

Bater Ceramnics Through Ch~emistry. %iaterialsrially to believe that the dehydrated solu- As time progressed (half-life on the order Research Society Symposia Proceedin gs. Vol 3Z2
lions contained lead alkoxidec species, of I h). the intensity of this pattern de- Edited by C I Brinker. D E Clarkc. and D R Onbsh

posbyformed by the incomplete per- creased, being replaced peak for peak by Elsevier. New York. 1984
posibl Ultrastrucrr Processing of Ceramics. Glasses.
turbation of hle equilibria given by that of a second phase of approximately adComposites Edited by L L Henels and D R

equa inensiy a theFu-t. Ater24 h ony Unh. iley. ntersctence. New York. 1984
PblOAc'-R'OH==PbOAclOR') eqa inenit astefrtofe 4h nyiip(n Soda Co . Lid . WO W003 AL Aug,the pattern of the second phase was present 2.1984. Che. Absir Jpn 1011131 162265 W(1984)

- HOAC 0) (Table 11, phase 2). Interestingly, the posi- 'S R Gurkovich andt J B Blum. Preparation of
Monoiisthic Lead Titc by a Sol-Gel Process',

HOAC -R OH==R'OAC -H,0 (4) tion of viually every peak in the second Chi. 12 in Ulirastructure: Processing of Ceramtcs.
phase corresponds to a 3% increase in lat- Glasses, and Composites. Editel by L L Hench aund

D RjUlrtch. Wiley.tInterscierce. New York. 1984
However, the gold color was inconsistent tice spacing with respect to the first. This ~ S R Gurovich and J B. Blum. 'Crysuuhizaon
*ith previous reports that aoiut ions of lead type of behavior is often observed in clay if Amsorphlous Lead Thianate Prepared by a sal-Gei

alkoide ar coorles Mre iret cv- sstes ad prbaby rpreentsthereslts Process.' Fers-oeieciricy 62. 189-94 11985)alkoxies ar cololess ore drect vi- sytems nd prbablyrepreeBtsBiumreands S BRBluranoSvicGi.ovih. oi-Gei-f
Jence for the rnature of these solutions ;ame af some intercalation of atmospheric gases. Derived Pbi'i01.' . Masri Sci. N0. -4479-93 ki985)
with the isolation, in high yield, of a corn- Finally, it is now possible to comment , K D Budd, S K Dey, and D A Payne.

'Sol-Gel Processing of PbT'iO,. PbZrO1. PZT. and
pound with ihe stoichiometry of basic lead on the work of Payne and co-workers re- PUT1 Thin Filma'. p pM2-41 in Special Proceedings
a,-etate. 3PbiOA,;) PbO-H:O Although .garding the differences involved when if British Ceramic Slociety anElectronic Ceramics.

redisoline he itoltedsoli ina 2Siolie-on-Trent. England. Dec 17-18. 1984reisol igth iolte old n -MOE using T-(O-s-Pr), and Ti(O-n- Pr),. Whereas, 'K D Budd. S K Dey. and D Ak Payne.
produced ; oiorless aolutionl. suggesting n our experimental design. the total Properties of Sol-Gel Derived Films *n Lie PLZT
that some reaction has occurred during amount of recovered precursor alcohol was System ' Paper N1o .i6-E-85 Presented at uhe 37th

Aknnuail Meestung of the American Ceramic Society. Cin-
the workup procedure. it is important to essentially independent of its nature. r zinnaii. OH. May 7. 1985
note that the stoichiomictrv of the solid is must be recognized that our conditions "D C Bradley. R C Mehrotra. and D P Gaur.

M(etal Aikoxidec: Chss. 2.5 arid 4 4 Academic Pres.entirely consistent with ihe results of quan- were apparently more severe than those re- New York. 1973
tifying the organic byproducts. ported by Payne's group. Specifically,, they 'D C Bradley. R. C Mleheonr. and D P Gaur.

reotall reactions to be camred out at letal Aikoxides: Cs. 2.4 ua 4 3 Academiuc Presa.
reportNew York. 1978

4Pb(OAck - Hz0- 3Pb(OAch2 P1,0 120*C, though they do not indicate whether 'HI R Allcock. 'Inorganic M4sromoiecules.
-2HO~c this temperature refers to solution or vapor. Developmnents at the Interface ot Inorgnic. COr6~mic.

-2HO~c 0) arid Polymer Chiemistry.' Chem Eng yews. 631111In either case, these conditions are mar- 22-36i6985).
HOAC +R'O-R'OIAC - HO M6 ginally rrilder than ours ifinal vapor tern- "L M Brown and K S lattdiyasni. TCold-

Pressing ua Low-Temperature Sisteri of Aikoxy-
Peraturie of 123*C). This slight difference in Derived PLZF." J Am Cerasm Soc . 55 (11154 1.-

The yellow-gold color is Ilkely due to the absolute temperature. however, is expected t 1972).
of te ahydrus bO i th for tohavea vry sgniican efect n te fial W KwestmoO and C Lsereis. 'Basic LeadpresenceofteahdosP ithfo- thaeavrsinfcnefetothfnl AccW.'J Itiorg. Nssct. Chiem.. 27. 2533-36 (1965)

mulation. solution composition in the two cases. That :
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Field-Forced Antlferroelectrlc-to-Ferroelectric Switching in
Modified Lead Zirconate Ttanate Stannate Ceramics

Wuyi Pan, Qiming Zhang, Amar Bhalla," and Leslie E. Cross*
Matenals Research Lal'xoratory, The Pennsylvanri State University,

University Park, Pennsylvania 16802

Electric-field.forced antiferroelectric-to-ferroelectric phase systematic study in the 1960s was done at Clevite laboratories to
transitions in several compositions of modified lead zirconate explore the use of phase change compositions in capacitive en-
titanate stannate antiferroelectric ceramics are studied for ergy storage." Uchino et al. studied this effect for the shape
ultra.high.fleld.induced strain actuator applications. A maxi- memory application. 5

mum field-induced longitudinal strain of 0.85% and volume For the same composition. an antiferroelectr" form has a
expansion of 0.95% are observed in the ceramic corsposition smaller lattice volume than the paraelectric form. while a ferro-
Pbo nLaor2(Zro 6Tio 0qSnq.1)O3 at room temperature. Switching electric form has a larger lattice volume than the paraelectric
from the antiferroelectric form to the ferroelectric form is form 6 Therefore, if the change directly from an antiferroelectrc
controlled by the nucleation of the ferroelectric phase from the to the ferroelectrc can be accomplished by an electric field. large
antiferroelectric phase. A switching time of <1 pA is observed shape change should take place However, the field-forced phase
under the applied field above 30 kV/cm. The polarization change was not considered for actuator applications.
and strains associated with the field-forced phase transition In an earlier paper.' we demonstrated the large field-induced
decrease with increasing switching cycle, a so-called fatigue strain in BaTiO) single crystal by the mechanisms of field-forced
effect. Two types of fatigue effects are observed in these ce. paraelectric-to-ferroelectnc phase change and 900 domain reonenta-
ramic compositions. In one, the fatigue effects only proieed to a tion, and in another paper 3 we demonstrated the large field-
limited extent and the properties may be restored by anneal- induced strmn in PLZT ceramic compositions near the tetragona!-
ing above the Curie temperature, while in the other, the fa- rhombohedral phase boundary by a mechanism of non- 180 ° domain
tigue effects proceed to a large extent and the properties reoncntation, In this paper, we present the field-induced strain
cannot be restored completely by heat treatment. Hydrostatic
pressure increases the transition field and the switching time.
But when the applied electric field is larger than the transi- (A)
tion field, the induced polarization and strain are not sensi- 0 T i -0
tive to increasing hydrostatic pressure until the transition FT 0"
field approaches the applied field. [Key words: ferroelectrics, .5 d '
stannates, titanates, zirconate, lead.] .9 .60 'oe.,

1. Introduction \.6 . 0, ,n..=,. -/ ," ,:',- { '<.."
C ERX.miCs in lead zirconate titanate stannate and further modified / ' ,

forms have been studied extensively in the past 20 years for W .75 d
many potential applications in energy conversion. The interest F/ ' 1 / - .eO
>tems from the fact that. as is evident in Fig. 1. there are regions .o / / , / /

90
on the ternary phase diagrams at room temperature where antifer- / / / .85 %
roelectric and ferroelectric phases abut and thus, for these compost- ,/ -

q R.~iITI BOUNDARY .90'ations, must be of closely similar free energy. Since the different METASTABLE ... .. EFORE POLING ' 0
antiferrolectric and ferroelectric phases are all distinguished by A S -1 ' .95 "
,mall i -o 2 A (-i0 02 am)) displacement of ions from a common ' / A /
igh-femperanire cubic prototypical form. )witchig between forms Sn 55 .60 65 .70 75 .80 .85 90 9 Zr

:an be accomplished without breaking any energetic bonds. As the Ti
,fen-olectnc domains carry a large spontaneous electric polanza- (8)
tion and the antiferroelectrcs are cenmc, it is not surprising mat .55
antiferroelectric forms close to bonding compositions can be
switched into ferroelectrcs under high electric fields. Siilarly. .60

the ,,iomic arrangement of an antiferroelectmc is more compact .65
than that of the ferroelectric counterpart. One may expect fer-
roelectric compositions close to the boundary to invert to antifer- 70
roelectric under suitable hydrostatic or untaxial stress. Such /75
pressure switching has been very extensively investigated. Upon IF
nver.ion to the antiferroelectric form. a poled ferroelectric ce- a T1 80
ranuc releases all polarization charges and therefore can supply 85
very high instantaneous currents.' The electric-field-forced phase
transitions were also studied for different applications. The first A O

/~ ~ /1 -7, A / A! .9

S Luasiewicit-,ontrbuting editor Si -' Z"r
55 60 .65 .70 .75 .80 .85 .90 .95

Fig. I. (a) Ternary phase diagram for the system Pbo. ,Nb.oo,-
Mlarrniinpc No 199101 Recived June i 1988; apprved September 9. 1988. tZr.Sn.Ti) €,0, at 25C. kb) Ternary phase diagram for the system

,ember. America Cemmnic Scizey Pb., La0a1(Zr.Sn.Ti)0 at 25C
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and kinetics of the field-forced antiferroelectric-to-ferroelectric ensure that the power supply could provide sufficient current The
phase transition in modified lead zirconate titanate stannate shapes of the samples were made aregular to reduce the interference
swtchable antiferroelectric ceramics and discuss the possibil- of a radical piezoelectric resonance mode The major surfaces of the
ity of this family of ceramics for ultra-high-field-nduced strain samples were sputtered twice with gold to ensure equal potential
actuator applications, surfaces even under high current conditions.

The kinetics of the switching in these samples was studied by
IT. Experimental Procedure the conventional square pulse technique in which one measures the

current which flows through a series resistor to the sample elec-
,1) Composton Selecton and Sample Preparation trodes.'" The rectangular pulse was generated with a oulse gen-

The compositions chosen for study were close to the corn- erator: and then input into a high-power pulse generator for power
positions chosen at Clevite laboratory for the pressure switching amplification. The high-power pulse generator possesses 9-kW
experiments. These compositions are all near die antiferroelectc- power, and 6-A current can be supplied by the machine under
ferroelecmc phase boundary, PbontZr) ,Ti)ooSno s)ogib oo2OI (1). 1500 V and a pulse width of 50 us. The rise times for both pulse
Pb0 qSro osLao oz(Zro ,4Tio 61Sno )0)O t2). Pbo IzMgo 05Lao a2- generators were shorter than 20 ns. The resistance value of the
iZr,)59Ti 0 1Sno,)j01 13). Pbo4 Laooz Zr0 Ti,0 Sno0 )O1 (4). and series resistor was kept small in order to have the resistance-
Pb0 97Lao, o2Zro 53Ti o iSno0 )O1 (5). capacitance (RC) time constant of the high-frequency capacitance

The positions in the phase diagram for compositions 4 and 5 are of the sample and the resistor less than 10 ns The zurrent flow-
shown in Fig. lia). These two compositions are in the region of the ing to the sample electrode durng the switching .vas obtained by
antiterroetectric tetragonal close to the phase boundary between measuring the voltage across the series resistor The ,oltage as
anttterroelectric tetragonal and terrociectric rhombohedral iLT a function of time was recorded with a digital oscilloscope
low-temperature phase) phases. The position of composition I in The scope has a 50-MHz bandwidth and up to 200-MHz sampling
the phase diagram is shown in Fig lIb) It is observed that the frequency An invertor is used to change the polarity of the pulse
position or composition 1 in the phase diagram is very close to to prepare the sample for further switching because remanent
the phase boundary between antiferroelecric tetragonal and meta- polarization As observed for the compositions studied. etspecially
,table ferroelectric rhombohedral (LT The phase diagrams for for composition 1
compositions 2 and 3 are not available. The switching time was obtained by reading the time at which

The above compositions were made up from reagent-grade the switching current dropped to 20% of its maximum value The
*-ides using the conventional solid-state sintering technique. Cal- switching-current values were obtained from the voltage across the
cining temperatures were in the range ot "?50' to 900'C Disks senes resistor and the resistance value of the resistor The charges
were :old-pressed using a small amount of poiyivinyl alcohol) flowing through to the sample electrode were obtained by integrat-
,PVA) binder and fired at 1350*C in a PbO atmosphere provided ng the areas under the switching current-time curves The RC
by excess PbZrO, in closed containers, peaks were extrapolated by hand to longer time and the areas

12) Measurements under the peaks were subtracted from the total areas to find out
the charges due to polarization switching only

.At Feid-lnduced Polaruation and Strain. The samples sC) Measurement of Fatigue Effect. The fatigue effect was
.,ere .ut with a string saw into dimensions 0.6 K 0 4 ..m wdith studied by measunng the field-induced polarization and trans-
rut.kness ranging from 0. 15 to 0.3 mm depending on the transition verse strain as a tuncuon of switching cycles. A 10-Hz sine wave
ield ot the ceramic ,ompositons. The major surfaces &ere fine form was used to drive the ceramic samples .ontinuously through
ground aind gold electroded. The ,ongitudial strains were tes-; the phase .hange. The fatigued samples were annealed at 300'C
ured with a laser interferometer as described in an earlier paper. for 12 h.
The polarization versus electric field was measured using a modi-
fied Sawyer and Tower circuit. The transverse srains were measured
using the bonded strain gage technique. Temperature variation III. Results and Discussion
Awas accomplisned using a hot stage immersed in a liquid-nitrogen
container and the temperature was controlled by a transformer in 1) Field-Induced Polarization and Stratns
,eries with a temperature controller.' Fressure variation was ac- iA) Induced Polar:atzon and Strains for Different Composi-
complished in a well-sealed oil container to which an air-dnven tions. A maximum electric field up to 70 kV cm was applied
ntensifier pump supplied a high-pressure medium.' The value ot to achieve the field-forced antiferroelectric-ferroelectric phase
pressure *as monitored witn a Heise gauge with an accuracy ot switching in the five ceramic compositions. But compositions 2
:0 bar = 10 MPa). and 3 could not be switched even under the maximum field
B) Switching-Current Measurements The samples were level attempted.

cut into tlicknesses ranging from 0 2 to 0 25 mm For these ex- The polarization-eiectric field hysteresis loops are shown in
penments. the areas of the samples were kept under 0 03 cm: to Fig. 2. Composition 4 shows a classic antiferroelectric hysteresis

loop. In the low-field region. this ceramic composition shows
*%iode '6K-i. RL tlnduitmcs Inc Boonton. c characteristics of a linear dielectric with no hysteresis loops. The
Plexol. Rohm amd Haa. Phllidelpha. PA two hysteresis loops associated with positive ania negative electric

*HP :O. Hewk-Pc-xard Co. Palo Alto. CA field are well separated by a straight line. Composition I shows a
'W4NA Cober Eloi~onic. I=_. Stamford. CT'HP 54201A. H n*Icm.Pc.x.t Co hysteresis loop quite simuar to that of a fermelectric. because the
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Fig. 4. a) Polanzation-electnc field and tbi transverse tramin-elecnc Field hysteresis loops as a tunction ot temperature
for :omposition 4

posion 9f 'his ,sitosition i :hc phase ,iagram is ery ,ose to field-induced 5trains increase It must be mentioned that tor com-

,he phase .boundary etween antiferroelectnc tetragonal and meta- position 4, when the virgin tate is witched. a longitudina tra n
,table ferroelectrc rhombohedral iLT after poling. However, the .an be larger than 0 9% But this magnitude cannot be observed
kinks in the middle of the hysteresis loop indicate that there is a repeatedly. The value listed in Table I is obtained alter quite a
,'ecovery 3i the antiferroelectnc form. Composition 5 shows a be- few switching cycles. It may be seen from Table I that the field-
liavior in between those of composiuons I and 4. For dus compost- induced volume expansion for these ceramic ,ompositions is
'ion, the antiferroelectnc phase does recover under positive field, quite large because the transverse strain is positive while t ter-
however, 'wo hysteresis !oops associated with positive and nega- roelectrics the transverse strain is negative and thus attenuating
ive field appear slightly overlapped. The longitudinal strains ac- the volume expansion .aused by the longitudinal btrain. It may
:ompanying the P-E hysteresis loops for the three compositions also be noted that the ratio of the longitudinal stran to the trans-

are shown tn Fig 3 The transverse strain hysteresis loops are es- verse strain is by no means a constant for all the vompositions. It
sentially the same in shape except that the strains are less than the is 9 17 for compostion 4, 2.63 for composition 5, and only 1 92
!ongitudinal strains. The signs of the transverse strains are also for composition 1.
positive. contrasting with those of the ferroelectncs. It must be B) Temperature Dependence o( Fieid-Induced Poiari:ation
"nentioned ,hat the hysteresis loops recorded are not for the first and Strain. The polarization and transverse ,tarmn were measured
witching :,c!es When the anuferroelectric state in a virgin state as a fticuon of temperature for compositions 4 and 5. The oolanza-
i t witched into ferroelectmc. the transition field is much higher zion and tramn hysteresis loops at some ypiai temperatures ior

'han that for the subsequet ,ycles. a phenomenon observed also by omposition 4 are :huwn in Fig. 4. It is observed that at low tem-

Berhncourt' and Pulvan ' -s the antiferroelectricity of the ,.om- perature the c.eranc .mposition tends to snow a terroelectric-
positions increases from 1 to 5 to 4. the difference between the like hysteresis loop. It suggests that at very low temperature the

ftrst ycle transition field and that for the subsequent switching feroelecc phase is a thermodynamically stable phase.
becomes small.

The field-induced strains and the related switching data are Table 1. Sumary of Switching and Strain Data for
,,mnmanzed in Table 1. It may be seen that the induced polanzaton Modified Switchable Lead Zinonate Titanate
,eems to be proportional to the ansiuiun field. The transition field Stab nate Ceramite
is a measure ot the coupling between the two sublattices The Stannate Ceramics

stronger the coupling between the two sublattices. the smaller the E, P
lattice volume of the antifernoelectric form, hence the higher the tran- Camp ky/CM) iMC,'cn*) ZA) 4 4%)

sition field. When the antiferroelectric form becomes smaller 1 10 24 0.08 0.042 0.164 1.92

in volume, the volume difference between the antiferroelectric 4 48 40 0.78 0.085 0 95 9.17

form and the ferroelectric form becomes larger: therefore, the 5 30 Z5 0.15 0.057 0.264 2.63
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Fig. 6. 1at Polanzation-elecic field hysteresis loops under various hydrostaci: pressures and ib) the field 136 kV,cm)nduced polarization and transition field as a function of hydrostatic pressure at room temperature for composition 5

Figure 5(a) shows the induced polarization at a field lcvel of It is observed that the transition field increases with increasing52 kV 1cm as a function of temperature and Fig. 5(b) shows thc hydrostatic pressure. If the -ipplied field level is kept constant.transverse strain induced at a field level of 52 kV/cm and tht. tie field-induced phase transition will De eventually suppressedtransition field for coercive field' as a function of temperature by the hydrostatic pressure. This evidence further confirms thatT'he induced polarization is shown to vary very little with tern- the antiferrteleccti form is more compact than the terroelectncperature However. the transition field and the field-induced counterpart. Hydrostatit pre.ssure favors the smaller-volume anti-strain vary with temperature differently The transition field 'or ferroelectric form and therefore increases the transition field.,oercive field) decreases as temperature decreases The sudden The polarization induced under peak electric field (36 kV/cm)decrease occurs at -60"C The transverse strain increases as the and the average transition field as a function of hydrostatic pres-temperature de'reases to -50°C and then d.creases as the tem- sure are shown in Fig. 6(b). It may be seen that the transitionperature ,s decreased The sudden decrease rt strain also occurs field increases with hydrostatic pressure in a reasonably uniormat -60C It is believed that the dominant mechanism for the manner, but the polarization decreases nonunifornly with icreas-field-,nduced strain is the phase change between the antiferro- ing hydrostatic pressure. At a low hydrostatic pressure level, theelectric and ferroelectric forms. When the temperature ap- induced polarization is almost maintained at a constant level be.proaches -60 0C from a higher temperature. the energy difference cause the applied field is larger than the transition field. At atoutbetween the two forms decreases and, therefore, the field-forced 1000 atm tabout 100 MPa). the induced polartzauon begins to de-transition is facilitated The increased field-induced strain may be crease more quickly because the transition field approaches thedue to this effect When the temperature decreases further below applied field. This behavior shows an advantage of the antiferro--60"C, the ceramic gains ferroelectricity and the field-induced electric over ferroelectric for the "orvoff" type of switching. Astrain associated with the phase change decreases drastically. long as there is enough field for the phase transition to takeC) Pressure Dependence of the Field-Forced Phase Transt- place, the induced strain may not be very sensitive to the hydro-nons The field-forced phase transition from anuferroelectrc to stauc load over a substantial range of hydrostatic load.ferroelectmc under hydrostatic pressure was also investigated. (2) Kinetics of Field-Forced Phase Transition
The polarization.-electrc field hysteresis loops as a function ofhydrostatic pressure for composition 5 are shown in Fig. brai Figure shows the polarzatin-electc field hysteresis loops
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of ceramic composinons 1 and 5 used for the kinetics study N T30,2
Composition 5 shows an explicit double hysteresis loop with a EI

well-defined transition field. This loop is sighdy different from .

those of the samples used for strain study probably because of the
vanation in preparation parameters. The remanent polarization at -2 -15 -5 5 25
zero electric field is very small. indicating that the composition kv/cm -30 -10
recovers to an anuferroelecuc form under the absence of the elec- -20 v /C

tic field. Composition I sows a ferroelectrtc-lke hysteresis loop -3 0V-5

The transition field is diffused, but kinks are observed in the .
-L25middle of the P-E hysteresis loop, indicating that the recovery to (0 (b)

an antife.roelecmc occurs ti a negative field.
(A) Composition 5 Figure 8(a) shows the switching

current-time curves under different applied field levels for
composition S. It is observed that the shapes of the switching
current-time curves are similar to those observed in the ferro- Fig. 7. Polarization-electric field hysteresis loops for samples
electric crystals. ' An RC peak is followed by the switching cur- of (a) composition 5 and ib) composiion I used for )witching.

rent. The 1,. increases with increasing electric field and the current measurements

switching time decreases with increasing electric field The
switching can be completed within I gs above a field level of
30 KV 'cm The switching time is much shorter than 0 I s re-
ported by Uchino et al ' It is believed that the power level used
tar the measurement is very important for accurate measurement
of switching time An antiferroelectric has a high transition field
and a sharp increase in polarization at the transition field. Large controls the switching, but not in the hign-field region, within
current has to be suilied under a high voltage level to ensure which the domain wall growth controls the switching.
a nondelayed phase .nange. Therefore. a high power level is In Fig 9. nucleation-controlled switcning and domain-wall-
required for the measurement We speculate that the large dif- controlled switching seem to be separated At about 36 kV cm
ference between the switching times reported by Uchino et al from either the l/t, vs E or 1, vs E plots. Above this field level.
and our data is due to the different power levels used for the the points seem to follow a linear relation. However. this is not
measurements true for either In (It,) vs I/E or In (I,) vs lIE plots because

Figure Sb) shows the induced polarization integrated from the the points for the field above 36 kV, cm still seem to follow the
switching current-time clirves It is observed dunng the expen- linear telation. indicating the nucleation may be still controiling
ment that under a field level of 30 kV, cm. not much polarization
can be induced by the pulses Above the field level of 30 kV cm.
the induced polarization does not vary too much with the applied
electic field. The field level of 30 kV/cm is slightly larger than
the transition field of the ceramic composition. This indicates that
the induced polarization is contributed mainly by the phase
change If the field is high enough. the extra field will not induce
too much polanzation because the polarization induced because I 0
of the dielectrc constant of the ferroelectmc phase is much less
than the polanzation change due to the occurrence of the phase 9
transition If the field is not enough to induce the phase change.
the induced polarization is very small. It seems that a threshold K46 kvcm
field exists tor composition 5 wnich has a sharp phase change at 6
the transition field. 4 - 32.5 ky/cm4

Figure 9(a) shows /t, vs E and In (lI/t,) vs lI/E and Fig. 9(b) 35. ky/cm
hows I.., vs E and In i,) vs liE It may be noted that the 25.

plots are not the same as those for the polarization reversal in fer- 0 2 5 75 . I 25 . 2
roelectric crystals. 25 5 75 1 1 25 1.5 1.75

For the polarization reversal in ferroelectric crystals. the time (j)
switching time under a low field level is controlled by the nu- -4.0
cleation of new domains. The switching time and the maximum )
witching current can be expressed by the following relations (b)

under the low applied electric field: 30.0 a * a

-e t, - e'

where a is the o-called activation field Under a high electric
field, the switching is controlled by domain wall motion. The " 20 0
witching time and 1, can be expressed by the following rela-

Iions with the applied fie!d, a.

I. -KE l, -KE 0

where K is a constant which is a measure of the ease with which
the domain walls move.") When I. or lit, is plotted against E. 0 01- k I
an exponential relation holds in the low-field mgion within which 30 00 35 00 40.00 45 00 50 00
nucleation of new domains controls the switching and a linear re- E (kv/cm)
lation holds in the high-field region within which the domain wallm oti n c ntr ls he wit hin . O the oth r h nd. A'h n I iI,~F g. 8. .a S wittching ,.urre nt-lim e ,url'e under differe nt p-
motion controls the switching. On the other hand, ,hen In d,) plied electric field and ib) the field-induced polarization Ifle-or In 0,'t,) ,s plotted against I,,E, a linear relation should hold in grated from the areas under the switching current-time curves for
the low-field region, within which nucleation of the new domain :omposition 5
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Fig. 9. aj I ,s E and in I r vs I and (o l.._ vsE and Fig. 10. tat Switching current-time curves under different 3v-
In 1, '.s I E rot composition 5 plied field and (b) the polarization integrated trom the areas under

the switching current-time curves for composition I

the switching It must be remembered that the switching here is components. the switching time can be shorter Above the field
different from the polarization reversal in ferroelectric crystals for the minimum the system begins to switch as a whole and the
There is no domain wall movement but there is a phase boundary, increase in ,he applied field should reduce the switching time
movement dunng the switching It may be possible to observe a For this composition, the activation field cannot be determined in
phase-boundary-controlled switching region if the applied field the same manner as that for composition 5 because the activation
can be greatl. increased However. the amplitude of the voltage is field is distributed over a range. Figure I (b) shows a plot of /_
limited b% the maximum voltage of the high-power pulse genera- vs E It is observed that 1, increases with increasing applied
tor and some other experimental difficulties The activation field field without a minimum in the middle This is due to the fact
calculated from in 1 ,t,) vs I.E is 200 kV cm while that calcu- that more polarization is induced under increased applied field.
lated trom In (/_) vs liE is 150 kV/cm Although, there is no
perfect agicement. it is believed that the activation field falls into
the range from 150 to 200 kV cm. The activation fields for the Figure 12(ai shows the switching current-time curves under
polarization reversal In the PLZT and PZT family of ferroelectric different hydrostatic pressure for composition 5 It is observed
:eramics ha : been reported by L, et al' The activation field for that the peak ,witching current 1. decreases under increasing
PLZT 8 65, 35 is about 5 kV, cm and that for Nb-doped PZT is nydrostauc pressure. Figure libi Shows the switching time and
about 10 kV cm The activaton field here is much higher corn- the reciprocal switching time as a function of the hydrostatic
par J to those observed for ferroelectnc ,.eramics, which ndi- pressure. It is observed that the Switching time increases with in-
:.te 'hat the nucleation of a new phase IS more difficult than the ,reasing hydrostatit. pressure. This Is just opposite to the effect
nu.,eation of new domains observed in ferroelectric PZT ceramics.': In ferroelectric PZT.

hydrostatic pressure favors the smaller-volume paraclectric state
Bjand lowers the Cure temperature and the coercive field, there

%anous electric fields for composition I are shown in Fig. 10(a) fore the switchig time decreases with increasing hdrostatc

It is otw ved that the area under the switching current under low
electic field is significanti, ,ess than that under the higher field pressure In the antiferroelectric. the hydrostatic pressure favors

T smaller-volume antiterroelectric and increases the transition field.
The polarization induced by the switching s shown in Fig lOb therefore, the switching time increases with increasing hydro-
It ma be een that the polarizaton increases with increasing static pressure
electric field until 35 kV cm In the It, vs E plot shown in
Fig I lia). a minimum value for lit, occurs in the medium level of (4) Fatgue Effects
applied electric field Below the field for this rmnimum, l/t, de- Unfortunatel,. a tatigue etfect is found in this family of anti-
crexses with increasing field This field range corresponds well ferroelectmc ceramics when they are driven electrically through
with the field range in Fig I Ib within which the polanzation the phase change repeatedly
switched increases with increasing applied field Because this ce- Figure 13O ) shows the polartzation-electric field hysteresis
rarruc has a diffused transition field, the activau-,n field should loops for different driving cycles for composition 5. It is ob-
also be diffuse in nature If the field is not high enough to switch served that the hysteresis ioop changes from a square shape in the
the whole system but ugh enough to switch lower activation field virgin state to a diffused one in the fatigued state. The induced
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polarization decreases and the transiticn field is diffused
Figure 13(b) shows the induced polarization (normahzed to that I a o Cycles
of the initial state) versus the switching cycles. It is observed that 2 a 0 cytin
:he induced polarization and strain decrease with the switching 3 a 2 1 Io -,¢l~s

cc!es up to about 500000 cycles and then the value stabilizes at 4 4 1 0 cyclis
q0% of the initial polarization and 80% of the initial itrain If the
'atigued sample is annealed at 300'C. the induced polarization o -20 10 20 30
and strain may be nearly recovered. We believe that for this corn-
position within switching cycles attempted, the degradation ef-
fects come mainly from the modified mechanical boundary (a)
conditions of tha grains in the ceramic ystem or the modified
field distribution due to the redistribution of space charges. When
the randomly onented grains in ceramics deform urder the ap- 35
plied electnc field, they deform differently because of the dtelec- ELECTRICAL FIELD (lkv/cm
ic and electromechanical anisotropy of the individual grains.
Therefore. larger and larger internal stresses are introduced as the 1.
witching continues Some regions may be subject to tensile

,tresses while other regions may be subject to compressive -b)
,tresses These internal stresses modify the transition field of dif-
!erent regions The transition field is therefore diffused over a N

range Some regions may become so compressive that these re- J _"
gions no longer are aole to switch and the induced polarization r t
therefore decreases. Under a high driving electric field, current ,.
njection from the electrode and space charge or defect redismbu-
tion withir the balk of the ceramic may also modify the local x
.iectnc fields of the ceramic. giving nse to the observed fatigue
etfects High-temperature annealing can relieve the internal z .61
stresses. redistribute the defects and pace charges, and hence re-
)tore the onginal properties.

For composton 4. the tatigue effect is very severe The in-
duced polarization and stran as a function of switching cycles are 0 1 2 3 4 5
Ao. n Fig. l4a) There may also be stable r, or P values for
composition 4 as suggested by the plot. But these are greatly re-
duced with respect to the initial values. The polarization and Dniig Cycles 106 )

,train hysteresis loops of a fatigued sample for composition 4 are Fig. 13. Iai Polarnaaon--clecmc field hysteris loops
nown in Fig. 14(b) These hysteresis loops are of completely after different switching cycles and (ib) the field-riduced

different shape from the ones observed initially High-temperature polarization and transverse strain 4normahzed to the
annealing at 3000C increases the induced polarization partly but unti ,aluesv versus switching cycles tor composition 5.
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cause of the large internal stresses due to the mismatch between can be utilized
the grains An electron microscope study of the deveiopment of
the microcracks, has also been reported in fatigued doped PbTiO, References
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TRANSITION SPEED ON SWITCHING FROM A
FIELD-INDUCED FERROELECTRIC TO AN

ANTIFERROELECTRIC UPON THE RELEASE OF
THE APPLIED ELECTRIC FIELD IN

(Pb,La)(Zr,Ti,Sn)0 3 ANTIFERROELECTRIC
CERAMICS

W Y. PAN. W. Y. GU and L. E. CROSS
atertals Research Laboratory, The Penns lvania State Unit'ersit '. University

Park. PA 16802. USA

Recetved Jan uarv 20, 1989)

-\ technique is de%eloped to measure the transition speed trom a tield-induced ferroelectric to an
antiferroelectnc phase uipon the release ot the applied electric field in the antiferroelectrc ceramics
The transition speeds of three members in the antiferroelectric iPb.La)(Zr.Ti.SnO 3 tamilv were in-
estigated Switching current-time curves similar to those observed in the normal square puise torard
wt.hing technique were found A switching time as short as ' .Sec. was round in one ot the antiter-

roelectric compositions The switching time increabes as the ferroelectric to the antiferroelectnc tran-
,ition tield decreases Under a continuous high trequencv Jrivine tield. 'he terroelectric to antiferro-
electric transition field is increased and the induced terroelectric polarization is decreased lue to 'he
hvsteretic heating.

INTRODUCTION

Ceramics in the Lead Lanthanum Zirconate Titanate Stannate antiferroelectric
family have been studied extensively in the past 20 years for many actual and
potential applications in energy conversion.t 2 More recently, field induced strain
and kinetics of the field-forced antiferroelectric to ferroelectmc phase transition
were investigated.' A large field induced strain (- 8 x 10- 1) makes this family
of ceramics interesting for displacement transducer applications. However. there
are controversies in the literature regarding the kinetics of the phase switching
between the ferroelectric and antiferroelectric forms. A very long time (up to 0. I
Sec ) was declared in an earlier paper for the field induced strain.' In contrast, a
%er% , hort antiferroelectric to ferroe!ectric switching tthis switching will be reterred
to as forward switching) time (< 1 j.sec.) under high over electric field was reported
in a recent paper.3 However. in this paper. the induced ferroelectric back to the
,table antiferroelectnc phase switching time (this switching will be referred to as
the backward switching) was not measured. As evident in the earlier work. the
forward switching time may be improved dramatically by applying a large over
voltage. i.e.. an electric field well above the forward transition field. Clearly. an
over applied electric field should not improve the backward switching speed because
the forward electnc field favors the ferroelectmc phase. Thus. one ma expect a
different speed for the backward switching, depending upon the reverse field ap-
plied.

I s5
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In this paper. we report a technique for measuring the speed of the backward
switching under zero field and the experimental results on three members ot
tPb.Lal(Zr.Ti.Sn)O, antiferroelectric ceramics. These data are important for sex-
eral types of actuators. In a later paper, we will report the behavior under limited
reverse bias fields.

CERAMIC SAMPLES AND PREPARATION

The ceramic compositions chosen for study were:

(1) Pb, ,,-La,),)2 (Zr ), Ti,, , Sno ,5)0

(2) Pb) .La,))2 (Zr) .8 Ti,), , Sn, 0
13) Pb,) , 7La,) 02 (Zro 3 Ti, 1. Sn, l)O

The different compositions were made up from reagent grade mixed oxides The
calcining temperatures were in the range of 750 0C-9000 C. Disks 1" in diameter by
0.2" thickness were cold pressed using a small amount of PVA binder and tired at
1280'C in a PbO atmosphere provided by excess PbZrO 3 in closed containers.

The dielectnc hysteresis loops of these three compositions are displayed in Figure
1. The forward switching field E., and the backward switching field E.a are desig-
nated in Figure l(a). It is observed that the E,,, ,alues for all three compositions
are greater than zero. i.e.. the antiferroelectric phase recovers before the electric
field goes to zero, but the value decreases as the composition changes from (.
(2) to (3).

MEASUREMENT TECHNIQUE

The principle utilized in the measurement is to induce a ferroelectric polarization
by applying an electnc field above E,, then to quickly release the electric tield and
measure the current due to the discharge of the sample as a function of time. The
block diagram for the measuring system is shown in Figure 2. The transistor used
was a SIPMOS power field effect transistor (FET) with a drain-source break down
'oltage of 1000 volts, a "on" resistance 5 and a "turn on" time of 45 nano seconds.

0 0 10 d0

- 20-

I- 0

-10-10-10-to to 10 s0 70 -40 - O -Z 0 00 40 1 -0 to 0

E_ k /Cm) E (kV/,m) i (kV/cmJ

FIGL RE I P-E hvsteresis hvstere is loops under AC tieid frequencv ,) 5 Hz. a) composition I() (b)
,.omposition 12) and kc) composition (31
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Supply

FIGLRE 2 Block diagram tor the measuring vstem

The oscilloscope used for the measurement was a Nicolet 204 A digital oscilloscope
with a bandwidth of 20 Mv[Hz. The pulse generator used was a Hewlett Packard
type 214 B pulse generator with a rise time of 20 nano seconds. When no .,oltauye
is applied to the gate and ground of the FET, the FET is "off" and thus the applied
'oltage drops across the sample to induce a large ferroelectric polarization. \\heli
the pulse generator is manually triggered. a square pulse is applied to the late-
source junction to turn the FET "on" and the field across the sample is reduced
to nearly zero. The discharge. then, takes place through the mall resistor R. It
must be remembered that the discharge may also take place through the loop
involving the DC powder supply and R,. However, since the resistance of R, was
large compared to R3, so the current flow could be neglected. The purpose of
putting the resistor R, in the discharging loop is to damp the high frequency
piezoelectric resonance modes. After R, is placed in the circuit. the area of sample
is limited by the time constant of the sample capacitance and the resistors in the
discharging loop. Figure 3 illustrates this fact. Curve (b) is the discharge current-
time curve of composition ( 1). The area of the sample was 0. 14 cm- and the applied
tield was '0 kV cm. Curve (a) is the discharging current-tme curve ot a linear
capacitor charged to same amount of charge under the same applied voltage.
Clearl,. the sample discharged slower and has a second current maximum. E',-
dently, the first peak is due to the discharge when the tield is reduced trom the
applied tield to backward switching field R., and the second part ib due to the
backward phase switching. The shape of the curve is ,,ery similar to that ot torward
-,witching.- When the area of the sample was reduced, two effects were observed:
the height of the second maximum decreased and the time ot the maximum moved
toward the left. Apparently, the decrease of the height is caused by the reduced
induced polarization charges, and the movement to the left is due to the decrease
of the RC time constant caused by the decrease of the sample area.
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However, when the sample area was reduced to a certain limiting % alue. turther
decrease did not cause the second current maximum to move to the lett. but only
to reduce its height. Under this condition. it may be said that the time constant in
the discharge loop no longer affects the backward switching time. It %,ab tor this
reason that the areas of the samples ,,ere kept under 0.03 cm- so that the backvard
switching speeds of all three compositions were not affected. The maximum allowed
gate-source voltage was 0 iots. this ,,alue limited the resistance ,,alue ot R, It
R, is too large, the voltage across R, may 2o higher than the gate ,voltage. causing
the FET to turn "off." Since R, can not be larger than 5Q. minimum area below
0.03 cm- was set bv the signal-to-noise ratio.

EXPERIMENTAL RESULTS AND DISCUSSIONS ON tPb.La )(Zr.Ti.Sn O.
.ANTIFERROELECTRIC CERAMICS

The backward switching currents ot composition (1) tor three diferent applied
tields is shown in Fivgure 4(A). Similar to that in the earlier work.' the ,%kitchim!
time t, in this work is defined as the time at which the current decreases to 101
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at the alue at the second maximum. The sw itching time as a runction ot the applied
field is shown in Figure 4(B). It is observed that the switching, time increases with
the applied field and then reaches an almost constant %aiue at about -0 kV cm.
When the applied field is below -0 kV cm. the area under the switching current-
time curve, a measure at the total induced charges. decreases appreciably with
decreasing applied field. In Figure 4(A). for example. the area for an applied tield
at 53 kV cm is sienificantiv less than those for higher applied tiekus. Accordingly.
in Figure l(a). the total ferroelectric polarization is not tully induced at 53 k\/ cm.
Above the field of 70 kV cm. when an amost constant switchirnp time is obser~ed
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in Figure 4(b), the induced ferroelectric polarization may also be expected not to
increase significantly with increasing applied electric field as shorn in Figure 1(a)
The initial increase and the subsequent "'e ,el off" of the switching time wth the
applied field ma, be explained by the sharpness of the forward transition tield. In
Figure (a), the forward transition field E,, is not perfectly defined and distributed
over a field range instead. In this field range, the ferroelectric polarization is not
fully induced and the ferroelectric phase is not fully stabilized. One may image
that the stability of the ferroelectric phase increases with increasing applied field
and thus the energy barrier for the recovery of the antiferroelectric phase increases
with the increasing applied field within this field range. As a result. the witching
time increases with increasing applied field. When the _ipphed field is high enough
to complete the antiferroelectric to terroelectric phase transition. turther increase
,i the applied field would not increase the tabilitx of the induced terroelectric
phase significantly and thus tie switching time teels off %kith increasing applied
field.

The backward switching currents for composition (2) under different applied
electric fields are shown in Figure 5. The switching behavior is basically the same
as that tor composition (1). But the second maximum for this composition is not
very distinct and therefore the switching time as a function of the applied field is
difficult to plot. It may also be seen from the tigure that the switching current
,.alue goes to zero for times greater 10 4Sec.. vhich is significant, longer than
that for composition ii).

Figure 6 Thows a comparison of the switching current curves of composition Ii
and composition (2). The applied field for composition (1)is -5 k'v cm and ()7 k\
cm for composition (2). It may be seen trom Figure I that under uch applied tield
levels, the ferroelectric polarizations for both compositions are full, induced Since
the total charges induced for two compositions are different because the terro-

1.2 *
1.0

0.8 "a. E-43 kY/cm0.8 b. E-53 kv/cm

0.6 c. E-67 kY/cm

0.4

0.2

C
0.0 ,

-0.2 .. .
-5 0 5 t0 t5 20

TIME (uSec.)

FIGURE 5 Backboard wicching ,urreni-time .ur'es ot omposmon to ior diterent applied neld a j
43 kVcm. (b) 53 k , cm. and (ci o7 kvcm
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FIGURE 6 A companson of backward switching current-time curves for composition 11) and ' i the
currents for two compositions were divided by their respectively total charges The applied [leld :or
composition (U) is 75 kV cm and that tor composition (2) is 67 kV cm).

electric polarization values as well as sample areas for the two compositions %ere
not the same. The switching current is. for the purpose of comparison. Jiided b,
the total charge induced. It may be seen that areas under the switching current-
time curves for these two compositions are roughly equal, however, the s',,tching
time for composition (2) is much longer. The same measurement was also carried
out on composition (3). The situation was even worse. The switching current vas
so ,pread out on the time axis that the real switching time could not be ascertained
by the present technique.

In the forward switching, the switching time decreases as the over electric field
Eop-E,, increases. ' In the backward switching. on the other hand. the witching
time may be expected to increase as the over electric field E,, (E,,,-0) decreases.
Thus the increase of the switching time as the composition changes from ( 1). (2)
to 13) should be due to the decrease in backward switching field since the backw,..d
switching field decreases from 30 kV'cm. 20 kV'cm to 5 kV'cm as the composition
changes from (1). (2) to (3). Clearly, the difference between the backward switching
field and the zero field is the driving force for the recovery of the antiferroelectric
phase from a field induced ferroelectric phase upon the release of the applied
electric field. The higher the E,,,, the larger the driving force for the backward
switchig and the shorter the switching time. For composition (3). if the applied
field is suddenly reduced to a negative value, but not too negative to pass the E,
value in the negative direction, the driving force for the recovery of the antifer-
roelectric phase may be increased and the switching time may be shorter.

The switching times presented above were all obtained from "'single shot." i.e..
the transition from the ferroelectric phase to the antiferroelectric phase lust oc-
curred once. When the sample is driven continuously by an AC field, the P-E
hysteresis effect will generate heat, modifying the original switching behavior.
Figure 7 sho" s the P-E hysteresis loops under three different AC field frequencies.
Figure S shows the forward switching field and backward switching field as a
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FIGURE P-E hysteresis loops under different driving trequencies (a) composition (I i com-
poinon 12) and (c) composition. k1). (the rrequencies are as illustrated)

function of the driving field frequency. For all three compositions. the forward
bttching field increases slightly with increasing driving frequency, while the back-

ward switching field decreases slightly with driving field frequency up to 10 Hz and
then increases with the increasing driving field frequency. For the hsteresis loops
of 300 Hz. the E:, values are increased greatly and ferroelectric polarization values
decreased appreciably with respect to those of 0.5 and 10 Hz. Clearly these phe-
nomena can not be explained by the kinetics of the phase switching. It was observed
in tile earier work' that well below room low temperature, this family of antifer-
roelectrics transforms into terroelectrics, and within the antiferroelectric phase
temperature range. the transition fields. especially E,a, increase with increasing
temperature under constant driving .ield frequency (0. I Hz). Because the hysteretic
heating effect increases with increasing driving frequency. the high driving fre-
quency in this work is equivalent to the high temperature in the earlier work. Thus,
the dielectric parameters observed in the high frequency dielectric hysteresis loops
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FIGLRE S Forward switching tield E, and backNoard wiching tield E,, vs driing frequencv ia)
composition (1), b) composition (2) and (c) composition (3)

are not the intrinsic properties at room temperature. It was also observed that the
,,ariation of the hysteresis loop parameters with temperature was most pronounced
near to the antiferroelectnc to ferroelectric phase transition temperature. Com-
position (3) has the lowest E, and E, values compared with composition (1) and
(2), thus its antiferroelectnc to ferroelectric phase transition temperature may be
expected to be more close to room temperature than those for composition 1)
and (2). This may be reason why Figure 8(c) shows the most pronounced increases
of E,, with the driving field frequency. Apparently. a slim loop antiferroelectric as
,,uggested by Berlincourt is preferred to overcome the hvsteretic heating effect for
the continuous driving applications.'
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Associated Program

J.H. Jeng, X. Bao, V.V. Varadan, V.J. Varadan

Design and Analysis of PZT/Polymer 1:3 Type Composites.

Work on this program has been focused upon a detailed analysis of the 1:3 type

PZT/Polymer composite transducer ;nteracting with a fluid medium. A finite element

analysis of the problem has been carried out and is reported in detail in appendices

38 and 39.

In a second study, numerical simulations were compared to experimental data

from earlier published work and from new measurements performed in the Center

for Engineering of Electronic and Acoustic Materials. Parametric studies involving

systematic variation of fiber geometry and volume fraction are now being completed.

The formulation used takes advantage of some new 3-D piezoelectric elements

incorporated in the ANSYS computational package and represents a powerful new

design tool for composite transducers.
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DESIGN AND ANALYSIS OF =~ PERFORMANCE OF PZT',POLYNER

COM.YPOSIT T1RANSIDUCERS

J.H. Jeng, V.V. Varadan and V.K. Varadan

Center for the Engineering of Elec~onic & Acoustic Materials,

Department of Engineering Science and Mechanics,

The Pennsylvania State University, University Park, PA 16802

Tr-i ::.sr -rAor-, %-e have conducted a detaied param-eti-ic stuay using :,he fini:e element:rilto'

.1 cnz the effec: of fluid loading for the desivi of comcosite oiezoe~ectric trarisducers-by var\'tng

a cameter or Diezoeiecmrc flbe-s relative to transducer tLhickness (b) rooerties of filler maeral.

.Results from niumerical modeling were compared with earlier .composite samples ort-ared by
C i-uraia et al and two new )arnules ore.pared at the C-enter. Very, gZood agreement was obtained

~e~een:rdicedand observe :efr ce. Par=.-em-c studies varvinz -.,ie voiume :raczcnor e

:tiezoelecmc phase (inter fiber s-pacing ), non-circular fi.bers - square, rectangular, eliptical as well

as Flbers of varying cross=sectional diameter such as a conical frustLum are beinz :nvesuaatc_

,Results should be avaiable in the next few months. A new formulation that can take advantage of
, t-atn new 3-D Dlezoelec-c teements incorjorated into the ANSYS uacka~e are also ancer

,:eveicumen t. A powerful tool has been developed for compurer ai.ded zransdiucer design.

1. 2NTRODUCTI1ON:

PZT,'poiymer composite materials have been widely used in ultrasonic aoplications due to

ti'rdesirable material properties such as high electromechanical coupling and low acoustic

mpedanc-. An ultrasonic probe that has broadband performance anid high sensitiv cnaracterisucs

,s considered in this report. In order to properly evaluate the performance- and realize a good design,

.ve need bcth experimental verification and analytical simulation. The Finite el1ement approach has

;(een used to simulate the vibranons of a composite disk containg piezoelectrc elements in the form

of rods. 'Ihe detailed derivation and formulation has beeIn r-eporied 'be fore. and is enclosed aaain as

an Appendix to this report. In these studies, the effect of fluid loadiniz and material aamping was

:onisidered. The advantages of this formulation are that (1) the d etails of the modal .nformatcin for

differemn mcrosmructures are given, (2) the etffect of fluid loading on nansducer cerrormance can be

etasily included viathe effective modal force on the transducer face. k32 the effect of matching layer,



the electic impedance, and the internal losses are included in the computation.

I. Ni-ME"RICAL RESULTS AND DISCUSSIONS:

The numerical results presented are the normalized frequency spectra and the normalized

electric conductance spectra. In addition, the frequency constant is tabulated for different desigs. As
mentioned, the width to the thickness ratio wit, is an important factor in designing and fabricating

PZT/Polymer probes. We proposed several different micrsr-uctures and different host matrix
materials in the computanon to study this effect. In all cases the fiber coss secton is square. These

cases are

A. Host Mvateriai is Spurr Epoxy which has acousuc impedance as " -C6 .'m-ec:

(1). w/t=1/10, (2) w/t=Ui5, (3)wt-2, (-) witi2,

,B) Host .Material is RE2039tHD3475 which has acoustic impedance as 3.1 1i7E06 k-'m2 sec:
(1). w/t=lL/0, (2) wit=i/'5, k3) w/t=1l2.5,

(A) Host Material is Insulcast 135 which has acoustic impedance as 4-.707CE06 kg/mzsec:
(1). wit=!./10, (2) w,/t=l/5, (3) w/t=1/4, (.tw,/t= t/.

As we can see, these cases cover a wide range of design parameters that can be usec, in designing
the 1-3 composite transducer. Concerning the choice of a host medium, for instance, we have

computed cases with a low acoustic impedance 2.27E06 kgm 2 sec, as well as a higher acoustic
impedance, 4.7 1E06 kg/t-sec. Most of the commercial epoxy which are suitable for using as the
host medium are located in this range. Based on computations, we are able to decide the width to

thickness ratio, the operating frequency and the matching impedance for speciol purposes.

Two tables are presented. Table I lists the acoustic properties of the three host materials.

The Spurr epoxy is an acoustically soft material and the Insulcast 135 is an acoustically hard
material in contrast. Table II lists the frequency constants for the composite disk if operatir g in air
and when operating in a water medium. The water loading lowers the frequency constant by about

10 % and can be considered as an external damping effect. From Table II, it can be concluded that

the higher the acoustic impedance of the host medium, the higher the frequency constant. It implies

that the operating frequency of a transducer can be increased for the same thickness of the
composite disk by varying the acoustic impedance of the host medium. Furthermore, the results

show that acoustically hard materials operate with a smaller wit ratio than acoustically soft

materials for getting a clear thickness vibration mode..

Figures 1 to 7 present the frequency spectrum, which is the transmission efficiency vs.



normalized frequency. The transmission efficiency is defined as the amount of acoustic pressure,

which is generated by a unit driving voltage, radiated into the fluid medium. Figures la, Za, and

3a present results considering only the fluid loading effect while Figu-res lb.2b. and 3b present

results which inciude both the fluid loading effect and :he material damping effect. For Scur

epoxy, a coupled vibration mode can be observed in Figure 3 with wit ratio equal :o 1/5. The

wave specrum was distorted and showed two peaks. Thus, the optimized w/t ratio we suggest is

1/4.5. For Insulcast 135, the coupled mode appears for a w/t ratio equal to 1/3, see Figure 7,

which is a higher value than that of Spurr epoxy. For the same saw cut slot. w, the Insulcast 135

can be fabnrated as a :hinner disk and realize a higher frequencv constant. For R.E2039/ D3 475.

,he frequency spec-arm shows cnaractenstcs similar -o the Scurr Epoxy but with hi4ner .it rato.

as shown in Figure 6.

The material damping ratio. , is ecual to 0.06 for Sour E:oxv, It :s determined bv

measuring *he mechanical Q of the composite disk in air which has a value of 3.4. From :he

computation, the mechanical Q of the composite disk is caculated as 7.06 for w/t=1/10 by
considering oniy the fluid loading effect. The two Q values, one for the damping effect and :he

other for the fluid loadinz effect, are .ver: close to each other. Tis shows that :he fluid loading and

the material damping have an equal effect on transducer performance and both cannot be nezlected

in transducer design simulation programs.

The maximum -eak value decreases when the wit ratio increases, as shown :n Figures 3 to

7. It can be interpreted as the strong coupling between the lateral vibration and tne thickness

vibration as the wit ratio increases. We also notice that the lateral vibration results in a distorton of

the main sDectral peak. The distortion in some cases, eg. w/t=l/5 in Fig. 4, can broaden the

spectrum, however, it can also suppress the resor.ance band to several resonance peaks as shown

in Fig. 3, 5 ard 7. Thus,we can achieve an optimized design by varying the wit ratio according to

the mamx material to have a broadband response, lcw mechanical Q, and a smooth spectrum.

Figues 3 to-, 13 "h,,, :he the n..a d conductance, G. vs the normalized frequency.

Figure 9, reveals that the first lateral mode, ftl, which occurs at f=1.68, has a very strong elecic

coupling. This coupling enhances the broadband charac:eristics in the frequency spectrum. It

means tnar the effective coupling factor is enlarged. However, the electric impedance of the

cransducer is also increased.

1U. EXPERIMENTAL RESULTS:

First the humencai simulaton was u!,ed to compare with Lhe results obtained by Gururaja et



al with relatively lower frequency PZT - polymer composite t'ansducers. Sample 0101 of their

paper r!] has w= 45mm, t = 1.95 mm and periodicity is 1.27 mm. The volume fraction of PZT is

10%. The experimental results and the simulation values ( number in parentheses ) agree quite

well:

Thickness mode frequency 640 kHz ( 599 k-z)

First lateral mode frequency 804 kl-z (813 kHz)

Second lateral mode frequency 1096 kHz ( 960 kHz)

Discrepancies can be atrmbuted to inaccuracies in the input values of material constants in the

computer program and alignment of the PZT rods.

Two new samples were also made. They were composite disks made for further

ex:er-mental venficanon of theory. These samples were fabricated by the dicng and flirg

"echnicue in which a PZT disk was saw-cut to resemole a -enodic arrangement of pillars or

s---ght rfibers promiding -from a solid disk, the inter fiber spaces was filled with a polymer and the

solid base was then machined off. Spurr Epoxy was considered as the filling material. Its

longitudinal and transverse wave velocities were measured tcr be 2060 m/sec and 1150 misec

respectively. The acoustic impedance is 2.27E-06 kgim2 -s and the density is 1100. kg/m 3.

The width or diameter of fiber (w) to thickness of the transducer (t) ratio, w/t, is 1/10 for

Sample I and is 1/4.1 for sample 2. The volume fracton is 25% since the fiber diameter is equal to

the periodic interfiber spacing. The frequency specn-a measured in water, are plotted in Figures -

and 15 for sample 1 and 2 respectvely. The mechanical Q for the two samo ies has the value of 3.6

and 8.4 in air and 3.75 and 3.4 in water. A small distortion is noticed in Figure 15 due to the

effect of the first lateral resonance mode. The experiment results show that the composite disk has

good impedance matching with the fluid medium compared with pure PZT disk for which the Q
value is around 30 in water. The measured frequency response also agrees very well with the

predicted frequency response in Figures I and 2 ( note this is for w/t=l/5, whereas sample has

w/t= 1/4. 1)

IV. CONCLUSION:

In this study, we have performed an experimental and analytical study of composite

transducer design. The numerical simulations were verified by the experimental measurement and

the published data on the literature. Based on the experimental analysis, we can gain pracncal

insight into manufacturing difficulties. Currently non-avalability of proper cutting technoiogy for

cerarics limits the upper limit for the frequency. In this report, we have presented two Tables and



fifteen figures which provide adequate guidance for the designer to design a 1-3 PZT,'epoxy

transducer for different purposes. Parametric studies varying the volume fraction of the

piezoelectic phase ( inter fiber spacing ), non-circular fibers - square, rectangular, elioacz as we;I

as fibers of varying cross=sectional diameter such as a conical frustum are be-ng nvesz4gated.

Results should be available in the next few months. A new formulation that can take advantage of

certain new 3-D piezoelectric elements incorporated into the ANSYS package are also under

development. A powerful tool has been developed for computer aided transducer design.
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FINITE ELEMENT - EIGENMODE ANALYSIS FOR
THE DESIGN OF 1-3 COMPOSITE TRANSDUCERS

INCLUDING THE EFFECT OF FLUID LOADING

Jiann-Hwa Jeng, Xiaoqi Bao, Vasundara V. Varadan and Vijay K. Varadan

Research Center for the Engineering of Electronic and Acoustic Materials

The Pennsylvania State University

University Park, PA 16802

Abstract

A finite element - eigenmode analysis is presented for analyzing the dynamic performance of a

composite transducer interacting wi'h a fluid medium. The composite transducer contains a

periodic distribution of piezoelectric rods forming a 1-3 composite. The mathematical model

proposed reduces the boundary value problem to a typical forced vibration problem. Thus, the

damping of the composite slab can be easily introduced into the formulation. Based on the

analysis, the resonance spectrum and the electrical admittance spectrum are calculated. The

analysis can be used to simulate transducer performance under fluid loading and becomes a

powerful design tool.

I. Introduction

The analytical problem of the response of a piezoelectric plate in contact with water to

applied stresses or voltage is analogous to the problem of acoustic wave interaction with a

fluid-loaded anisotropic plate. Both problems are of considerable practical importance and have

been solved by several different mathematical techniques. For instance, many authors have

developed a complete procedure for obtaining analytical solutions for thin-or multi-layered plates

immersed in a fluid medium, provided that each layer is isotropic. This solution has many

applications, such as impedance matching layer design, quarter wave transformer design etc.(l].

Recently, piezoelectric composite materials have been widely used due to their desirable material



properties such as high electromechanical coupling and low acoustic impedance (2-4]. These

advantages are of value in ultrasonic applications. Due to their high electromechanical coupling

and good impedance matching with water, piezo-composite material have been considered for

acoustic-wave absorbing purposes as well as in transducer design. For these composite

transducers, the problem is further complicated by the strong coupling of the fields at the

interface. Analytical solutions are not available for composite slabs having arbitrary

microstructure which in this case is also anisotropic. In order to properly describe the dynamic

properties of the transducer in the presence of fluid loading, a numerical approach is necessary.

In references [5-8], a finite element analysis has been presented for the fluid-structure

interaction problem of a single, isotropic and homogeneous body immersed in a fluid. The

vibrations of a composite disk containing piezoelectric elements in the form of rods have been

studied by some authors [9,10] using a finite elemeni approach. In these studies, the effect of

fluid loading was not considered and further the analysis was restricted to a study of the

eigenmodes of vibration. Other than the finite element analysis, electrical equivalent circuits have

also been used to evaluate a-piezoelectric resonator. Smith et al.[11] treated the 1-3 type of

composite as a transmission line model to study the transmitting and receiving sensitivity. The

material parameters in their model were determined by fitting the electric impedance curve

measured near the thickness resonance with one face of the composite disk in water. Ih et al.[12]

extended the model in terms of five effective parameters with consideration of internal losses.

Again, these effective model parameters were obtained from experiments. In their simulation, a

sample should be properly fabricated to specification and the requisite measurements have to be

made. Thus, these methods cannot be used for transducer design.

Recently, Angel and Achenbach (13,14] studied the reflection and transmission of elastic

waves by a periodic array of cracks. Due to the periodicity of the geometry, only a typical

element of the solid which contains half of a single crack is considered in their calculations.

Varadan et al. [15] have developed an analytical approach for the transmission and reflection

study of SH waves incident on a bimaterial slab, inside which identical cylinders with prallel



orientation (axes parallel, to the surface) are periodically distributed. The approach is based on

Fourier-Bessel expansion and T-matrix technique.

Both these approaches could be applied to the problem at hand, but are limited to isotropic

microstructure. Arbitrary geometry of the substructure necessitates an approximation for the

shape and field representation. As mentioned above, to properly describe the microstructure and

to simplify the computation for various problems, a finite element technique combining the

eigenmode expansion analysis is introduced. The advantages of this method are that (1) the

details of the modal information for different microstructures are given, (2) the computation of

the eigenmode expansion technique is a standard procedure and can be easily applied, (3) the

effect of the matching layer and the internal losses are included in the computation without any

further modification.

In the formulation, the boundary-value problem of wave interaction with a solid structure

can be recast as a typical forced vibration problem. The damping effect can then be automatically

included in the dynamic equation (16]. Due to the periodicity of the structure, the mathematical

model is further simplified by employing Floquet's theorem and symmetric boundary conditions.

Representing the field with suitable eigenmodes and imposing appropriate boundary conditions

on the interfaces, eigenmodes and eigenfrequencies can be computed. Since the dynamic

equation is well defined, the method of solution is simple.

II. Formulation of the Problem

The geometry, as shown in Fig.1, has three regions in which the fields need to be

described. The composite disk, namely region (I), separates the infinite homogeneous medium

into two regions, (I) and (II), thus forming the two planar interfaces S1 and S11 . The composite

slab, considered here, contains a periodic array of rods made of a piezoelectric material which are

embedded in rubber. The period of the array is 2a and 2b in the x- and y- directions respectively.

(a) Mathematical Model

The composite slab in region III is characterized by using the finite element analysis. For

3i



an elastic medium, a discrete model for vibration analysis is set up as follows:

( K- icC-c 2 M)=F (1)

where

K - is the stiffness matrix,

C - is the damping matrix,

M - is the mass matrix,

U - is the displacement vector, and

F - is the force vector

By solving a homogeneous undamped system with appropriate boundary conditions:

( K- co2 M ) d = 0 (2)

we obtain the eigenvalues and eigenvectors which describe the normal modes of the system.

Thus, we have

Eigenvalues () 1 < co2 <  ........ < 0)n

Eigenvectors d 1 , d 2  . ........... , d n

and the eigenvectors satisfy the orthogonality relation
J dip dV= 0, i;j

1, i=j (3)

Based on the modal analysis, namely, the normal mode summation method, the displacement of

the structure under forced excitation is represented by the sum of a finite number of normal

modes of the system multiplied by the generalized coordinates. The displacement field can then

be expanded as
n

U=x q, (4)
i= I

with unknown weighting qi, The summation is truncated to the first N terms for numerical

purposes. Substituting Eq. (4) into Eq. (1) and using the orthogonality condition Eq. (3), the

equations of motion can be uncoupled into 'N" algebraic equations. Thus, we have

2 o -2I ooj -0)2 ) qj = f. (5)

where i is the modal damping ratio; fi is the effective force.

44



(b) Piezoelectric Phase

In many practical problems, due to the enormous difference in the speed of propagation of

elastic waves and electromagnetic waves, the quasi-static approximation is made. Usually the

frequencies relevant to elastic waves in solids or acoustic waves in fluids are less than 10 MHz.

At these frequencies, the wavelength of electromagnetic waves is quite large and it is reasonable

to assume that the electric field is a quasi-static field [17]. It is important that the distinction

between static and quasi-static is retained. In the quasi-static approximation, a constitutive

equation is derived in inwariant form relating the stress and strain tensors that includes the

piezoelectric coupling coefficients.

Hence, for a iiezoelectric material, the stiffness matrix K can be formulated as that of a

elastic solid by substituting the stiffened elastic constants which include the piezoelectric coupling

effect [18]. This simplification is valid for the case in which the piezoelectric material is shaped

as a long rod [17]. Thus, elements listed in the AINSYS library [19] can be used to describe the

behavior of the piezoelectric phase.

Next, we should consider the discretization of the equation for a piezoelectric material. A

further simplification can be made when the piezoelectric material is fabricated into a long-bar

shape which satisfies a constant D-field approximation. In such approximation, the D-field along

the z-axis of a PZT- bar is constant as shown in Fig.2. The D-field which is proportional to the

charges distributed on the elect-odes is represented as
D =0, = -D Q = D= Q (6)

Dx = ,DY = , Dz AZ (

By using the constitutive equations of a piezoelectric material which have the form as

T S Ds-h D

E =h S+PSD (7)

and applying a variational principle, a discrete finite element equation for the long-bar

piezoelectric material can be expressed as

5



K D  -C 2M ) U = PQ + F

V=-PU&U+ I Q (8)

where

P= f B' h VD dV

= Sf f.dV

CD is the elastic constant with D-constant; h is the piezoelectric coupling constant and s3S is the

constant strain dielectric constant.

By using the orthogonality condition of the normal modes representation, Eqs.(3), (4),

Eq. (8) can also be uncou;i-led into a group of algebraic equations.and is expressed as

K2q= X Q+D* F

v X q + -Q (9)

Co

where Dei are the eigerivectors, further

K2.= o 1-2i Co o-O 2 ; X= D:- P (10)

where co is the operating frequency, o.. is the eigenvalue; and 4i is the modal damping ratio.

(c) Effect of Fluid Loading

The effect of the fluid loading caii be formulated as part of the exciting force acting on the

transducer surface which is the F term as shown in Eq.(7). Due to the periodicity and symmetry

of the substructure, only a portion of the composite slab needs to be considered. As shown in

Fig. 3 the unit cell contains one quarter of the rod which is of dimension 'a' and 'V along the x-

and y- axis respectively. This domain will be described by the finite element approximation. The

normal displacements on the x=O, x=a, y=O, and y=b plane are equal to zero due to the four fold

symmetry in the geometry.

i6



In regions I and I, the field must be represented by a periodic function in the x-y plane

due to the periodic distribution of the rods in the composite disk. Floquet theorem is used to

describe periodicity in terms of the Floquet modes (15] and is given as

W'=z[A ei-Bne ] e7 eik y e'x (1 la)

mn

where

kxm = m + k sin Ox  (1 lb)a
kyn= -- - + k sin y (1 Ic)

b 
(

and

=k(c-c (k) - (kyn) (11d)

where 'c' is the acoustic speed in water.

Employing the Floquet condition for the field radiating into the infinite regions I and IU, the

total geometry, region , is broken up into an infinite number of unit cells with a length 2a

along the x- axis and a length 2b along the y- axis. Eq. (6) can be modified further and has the

form
i i(K,, Z. COE

W= =Arm cos (kxm x) cos (kyn y) e (12)

There is a cutoff frequency for this periodic substructure
c

Xur off -f -Max( 2a,2b) (13)
cut off

The cutoff frequency is a function of geometry of the substructure and is an important design

factor. Whether a mode Wmn can propagate or not, depends on the value of kzmn. If the value is

real, then Wmn is a propagating mode, otherwise, Wmn is a decaying or evanescent mode.

Defining a set of functions Tmn in the form as:
y. = cos ( kxm x) cos( kyn y) (14)

the displacement field U, and the radiating pressure field, Pr in region I are represented as

7



Uj= 2 Dmnl ym, e i-z (15)

P = ZL Wmn e (16)
mn

The radiating pressure field is the acoustic pressure on the surface due to vibrations of the elastic

body.

In region II, the displacement field U2 and the transmitted pressure field Pt have the same

form as

U, = WDm I,-n e (17)
mn

- I 2 m fne i k,. z (8P = e (18)

mn

As we know, either the displacement field or the pressure field is enough to describe the infinite

fluid medium. The set of unknown coefficients in both displacement and pressure fields are

related. Based on the displacement-pressure relation

P 32U .(19)
at,

the dependence of the unknown coefficients in Eqs. (15), (16) and in Eqs. (17), (18) are

obtained as

a m = -i D 1 i po)Cmn (20)

Omn = i Dn pcC- (21)

ROn = i Dma pCOC, (21)

where Cmr is the velocity of the m-n th mode.

The unknown coefficient can be computed by matching the boundary condition across the

interface which require the normal displacements to be continuous. For computational

convenience, the surface field represented in a normal mode expansion is transformed to the

Fourier series representation as follows

Us'a, =  Amni qj y. (x,y) (22)
mn i

8



where Amni are Fourier expansion coefficients. Thus

D-t = I I Ajrj qj (23)

and

a = i q Almni (p Cmn (24)

Here, we have assumed that the pressure field radiates only into region I because only one side

of the transducer is active. The modal pressure field is defined as
D F = "d P dS (25)

sj

and can be rewritten as the known Fourier expansion coefficients Amni and the unknown

weighting coefficients qi as follows:
D*.iF= qj Zij

= - ipoC)n lrn Ae ij Anj qj (26)
mn

mn is the normalized constant.

III. Method of Solution

The model used for computation was a disk with diameter D >> X (wavelength), so it can

be thought of as an infinite slab in the x-y plane. Thus, it can be broken up into an infinite

number of unit cells and the plane wave field can be represented in terms of the Floquet modes.

The eigenmodes for the computations can be obtained by the finite element analysis. The

finite element package ANSYS, installed in a VAX 111780 was chosen for the this purpose. The

reasons for using this package are as follows.The ANSYS uses a Householder procedure to

solve the problem of free rigid body motion. Due to the symmetric boundary condition in our

problem, we require rigid body motion only in the z- direction. Also, ANSYS allows us to

define a damping ratio for a material dependent damping constant in the modal analysis. Thus,

-. -.. .. ... .. . . ..9



an effective damping ratio, ,, based on a material weighted strain energy average for each mode

is calculated as,

i =4 (29)

where Emi and m are the strain energy and damping ratio for the mh element in the ith mode

respectively. The 4i obtained from Eq. (29) is in fact the modal damping ratio described in

Eq. (9).

The '3-D anisotropic solid element' (19] was chosen to model the solid structure. The

behavior of an element is defined by eight nodal points each of which has three degrees of

freedom: translation in the x, y, and z directions. In all the computations, 66 elements with 124

nodal points are used to mesh a symmetric quadrant of the unit ceil.

In real applications, it is important to know the transmitdng sensitivity of a projector and

the receiving sensitivity of a sensor. In order to evaluate the transmitting sensitivity, a voltage of

fixed amplitude is applied to the transducer. For a given voltage supply , using Eq.(26), Eq.(9)

can be rewritten as

(Q 2. + Z..- XiX.Co ) qj=X, CO V (27)

Q = C0 V+x j qj C0  (28)

the only unknown shown in Eq.(27) is qj and can be easily solved. While qj is given, the charge

distribution Q can be calculated from Eq.(28).

IV. Numerical Results and Discussion

The numerical results presented are the resonance spectrum and electric conductance

spectrum of a disk.

To assess the feasibility of the numerical formulation, we first consider the simple case of

a uniform isotropic steel plate immersed in an infinite fluid medium. The calculations were made

10



to examine the effect of the fluid loading with a normal incoming acoustic wave acting on the

plate. The steel plate has longitudinal wave velocity VP = 5220 n/sec and thickness h=5 cm,

thus, the first thickness mode occurs at 52.2 KHz. The reflection coefficient and transmission

coefficient are plotted versus frequencies in Fig. 4. In this figure, both the numerical results and

exact results are plotted. The reflection coefficients approach unity below the first thickness

mode, 52.2 KHz, due to the high impedance ,'msm.tch atrhe water-steel interface. The damping

of the steel is neglected in the computation for comparison purposes. The data shows that these

two results agree with each other exactly. The comparison is a good indication of the

appropriateness of the numerical approach.

Based on the simulation, the performance of two different disks will be presented. One is

the pure PZT-5 disk, the other is the 1-3 composite disk. For the second case, spurrs epoxy was

considered as the filler matrix. Its longitudinal and transverse wave velocities were measured to

be 2060 m/sec and 1150 m/sec respectively.

Figure 5 presents the resonance frequency spectrum, i.e. the transmission efficiency vs.

frequency for both the pure PZT and composite PZT disks, which _-e driven with the same

voltage and radiate acoustic waves into the water. The solid line in the figure is for the PZT-5

disk. It shows that the pure disk transducer has a very high Q factor compared with the

composite transducer. We can see that the amplitude value near the resonance are close for both

cases. We can infer from this result that the composite transducer has similar transmission

efficiency as the pure PZT disk under the fluid loading condition. We also notice that the lateral

vibration results in little distortion of the main broadband signal in the composite transducer.

Figures 6 and 7 show the real and imaginary part of the conductance curve respectively.

Both figures are in general agreement with the known behavior of a pure PZT disk under fluid

loading.

V. Conclusions

Based on the theoretical derivation and the computed results, it is concluded that this

technique is capable of solving a problem involving complex geometry and material anisotropy.

11



In addition, the analysis provides detailed mode information describing the composite disk. This

information contributes to the understanding of the mechanisms of wave-material interaction.

With the basic understanding of the wave motion and vibrations in the piezoelectric structure, it is

possible-to optimize the design of transducers for specific purposes. The damping effect also has

been introduced in the normal mode expansion analysis. As a conclusion, the analysis can be

used to simulate transducer performance under fluid loading and becomes a powerful design

tool.
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Figure Captions

Figure 1. Geometry of the problem

Figure 2. Constant D field along Z-axis.

Figure 3. Symmetric boundary conditions for a unit cell

Figure 4. The reflection coefficient vs. Frequency, Hz, and the transmission
coefficient vs. Frequency, Hz, -------- for steel slab immersed in water.

Figure 5. Transmission efficiency vs. frequency; Solid line is for the pure PZT-5 disk, dash line is
for the 1-3 composite disk.

Figure 6. Admittance curve (solid line) and susceptance curve (dot line) Vs. frequency for pure
PZT-5 disk.

Figure 7. Admittance curve (solid line) and susceptance curve (dot line) Vs. frequency for 1-3
composite disk.
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